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Glossary 

ACS Auxiliary Control Systems are advanced controls 
used in addition to the basic CCS in order to better 
control the combustion, specially with large grates 
or with inhomogeneous waste. 

CEMS Continuous Emission Monitoring System: 
continuous monitoring of stack emission data, as 
well storing and transmitting data to environmental 
authorities. 

CFD Computational Fluid Dynamics: mathematical 
model for calculating velocities, temperatures, 
concentrations, and properties of fluids flowing 
for example through a combustion chamber. 

CCS Combustion Control System: automated system 
for controlling the combustion process on the grate 
including frequency, speed, and stroke of the ram 
feeder and of each grate module (also called GCS), 
as well as the flow of underfire air to each grate 
module, overfire and recirculated airflows. 

DCS Distributed control system: automated system 
for controlling and coordinating all the WTE 
functions. 

ECS Equipment control systems are separate control 
systems dedicated to control individual equipment 
functions to assure the desired equipment 
performance. 

EfW Energy from waste (synonym to WTE = Waste to 
Energy). 

FGT Flue Gas Treatment. 

HHV Higher heating value or gross calorific value 
(expressed in kj/kg or Btu/lb): heat released by 


a material when completely oxidized (reference 
temperature: 25°C, approx. 77°F, and assuming 
that H 2 0 is in liquid form). 

HPS High-Pressure Steam: steam from superheater 
tubes to steam turbine. 

LHV Lower heating value (expressed in kj/kg or 
Btu/lb): heat released by a material when completely 
oxidized (reference temperature: 25°C, approx. 77°F, 
and assuming that H 2 0 is in vapor form). 

LPS Low-pressure steam: usually from extraction of 
steam turbine, used for internal or external heating 
tasks. 

LRD Load range diagram (or combustion diagram): 
shows the operating range of a combustion system 
in terms of fuel input, on one side, and heat input 
on the other. 

O&M Operation and maintenance. 

SCC Secondary combustion chamber: usually the 
vertical chamber above the grate, where gases and 
ash released from the fuel are completely 
combusted. Minimum temperature and residence 
time requirements often refer to the SCC. 

SCR Selective catalytic reduction: process for reduc¬ 
ing NO* (nitrogen oxides) usually by means of 
reaction with an ammonia-containing reagent and 
in the presence of a catalyst. 

SNCR Selective non-catalytic reduction: process for 
reducing NO* (nitrogen oxides) usually by means 
of reaction with an ammonia-containing in the 
absence of a catalyst. 

TOC Total organic carbon: amount of all 
non-combusted organic carbon in WTE ash; it is 
also used to express carbon content in MSW. 

VOC Volatile organic carbon: concentration of 
organic compounds in flue gas. 

Definition of the Subject and Its Importance 

Traditionally, waste has been landfilled - and still is 
today, when cost is the main criterion for waste 
management (Fig. 1). “Out-of-sight, out-of-mind” 
has been the early concept, before science provided 
a more complete picture of the effects of landfilling 
on land, water, and air for a long time after a 
landfill has been filled [1]. The primary reason for 
these effects is the continuing decomposition of 
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Hitachi Zosen Inova Technology. Figure 1 

From landfilling to a modern energy-from-waste plant 


organic waste compounds into methane and other 
gases that escape to the air, or to water-soluble 
compounds that dissolve in rainwater percolating 
through the waste and may contaminate surface and 
groundwater. 

This is why today’s acknowledged hierarchy of 
waste treatment options considers landfilling as the 
least desirable option [2]. As shown in Fig. 2, best 
options are obviously “avoid” and “reuse,” both of 
which reduce the amount of waste to be treated, and 
then recycle whatever is reasonably possible from the 
waste stream. However, the best that has been achieved 
by recycling and composting is about 70% [3] . This still 
leaves at least 30% of all waste produced to be treated 
by waste to energy (also called energy from waste) or 
landfilling. This entry describes the Hitachi Zosen 
Inova energy from waste (EfW) technology that 
recovers the energy contained in the waste and 
reduces municipal solid waste (MSW) to a maximum 
10% of its original volume and to a chemically 
stable form. 

Introduction 

The Hitachi Zosen Inova energy-from-waste technol¬ 
ogy is a mass burn technology which treats post¬ 
recycling MSW (i.e., after all reuse and recycling 
efforts), as collected and without any pretreatment. It 
consists of a grate-fired steam generator followed by an 
air pollution control system. Steam is converted to 
electricity in a conventional steam turbine system. 
One of the most common configurations is shown in 


Fig. 3. Collection vehicles dump the waste from the 
tipping area into the waste pit. A waste crane , manually 
operated from the crane control cabin , or automatically 
operated by the control system, loads waste from the 
pit into the feed hopper. The waste pit and tipping floor 
area are ventilated by using the building air as the 
primary air intake for combustion so that no odors 
can escape to the surroundings. From the feed hopper , 
waste descends through a water-cooled chute and on to 
the horizontal feeder table , over which a hydraulically 
driven ram feeder slides back and forth and pushes 
waste on to the reciprocating incineration grate. 

The combustion process is regulated by the com¬ 
bustion control system (CCS). It automatically regu¬ 
lates waste feed, grate movement, and airflow and 
distribution across the length of the grate to ensure 
efficient combustion and stable steam generation. 
Bottom ashes are continuously discharged at the end 
of the grate, along with siftings falling through 
the small gaps between the grate blocks, into the 
bottom ash discharger where it is quenched in water. 
The ash discharger pushes the bottom ash into the 
bottom ash pit or alternatively (not shown) into 
a metal separation system that can recover ferrous 
and nonferrous metals. 

Primary air is injected underneath the grate by the 
primary air distribution system. The secondary air injec¬ 
tion is right above the grate. At about the same location, 
a part of the cleaned flue gases is recirculated back into 
the furnace. Both injections create a swirl in the com¬ 
bustion chamber and assure complete combustion with 
less excess air and thus a higher efficiency. The start-up 
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Hitachi Zosen Inova Technology. Figure 2 

Waste treatment hierarchy as per Prof. Themelis [2] 



Waste receiving and storage Combustion and steam generator 


Flue gas treatment Consumables and residues 


1 Tripping area 

2 Waste pit 

3 Waste crane 

4 Crane control cabin 

5 Waste pit ventilation 
at plant standstill 


6 Feed hopper 

7 Ram feeder 

8 Reciprocating incineration grate 

9 Bottom ash discharger 

10 Bottom ash pit 

11 Bottom ash crane 


12 Primary air intake 

13 Primary air fan 

14 Primary air distribution 

15 Secondary air injection 

16 Start-up burner 

17 4-pass steam generator 


18 SNCR injection levels 

19 Semi-dry reactor 

20 Fabric filter 

21 Induced draft fan 

22 Emission control room 

23 Stack 


24 Ash conveying system 

25 Residue conveying system 

26 Residue silo 


Hitachi Zosen Inova Technology. Figure 3 
Atypical WTE unit 
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burner is only needed for start-up and controlled shut¬ 
down, as well as to keep temperatures at minimum 
required levels if wastes with insufficient heat value 
are treated. 

On the way through the steam generator ; heat from 
the flue gases is recovered by heat exchangers and used 
for the production of superheated steam. The heat 
exchangers consist of membrane walls as well as super¬ 
heater, evaporator, and economizer tubes. Each of the 
heat exchangers is designed specifically for the different 
steam and flue gas temperature ranges and properties. 
The membrane walls located in the combustion cham¬ 
ber (i.e., first pass) are lined with refractory and/or 
Inconel cladding to protect against erosion and corro¬ 
sion. Effective cleaning systems such as sootblowers 
and water showers are installed to keep fouling of the 
heat exchanger surfaces within tolerable limits. 

The superheated steam produced by the steam gen¬ 
erator is then piped to a steam turbine / generator 
which produces electrical energy. A small part of the 
electricity is used to power the plant. Also, a small part 
of the low-pressure steam from the turbine is used for 
heating the plant and preheating combustion air. 

The flue gases are cleaned in a multiple-stage flue 
gas treatment consisting of a selective non-catalytic 
reduction process (DyNOR®) and a HZ Inova’s semi¬ 
dry flue gas treatment process. 

The DyNOR® process is based on the principle of 
selective non-catalytic reduction (SCNR) of nitrogen 
oxides (NOJ by injecting ammonia (NH 3 ) obtained 
from an aqueous ammonia solution. The SNCR injec¬ 
tion takes place at the optimum temperature range 
within the furnace. 

After the flue gas has left the boiler, it enters the 
semidry flue gas treatment process which is designed so 
that acidic gases are removed by sorption on hydrated 
lime, while the heavy metal compounds and organic 
contaminants, such as dioxins and furans, are adsorbed 
on activated carbon or lignite coke in the same process 
step. The HZ Inova Semidry FGT process provides 
intensive contact between the flue gases and the sorbents 
in a fluidized bed created in the semidry reactor. Water is 
injected to control the temperature in the reactor and 
to improve the sorption process on the lime. The fol¬ 
lowing fabric filter is used for filtering the solid particles 
from the gases by means of gas-permeable fabric filter 
bags. A large portion of the filtered solids is recirculated 


to the semidry reactor in order to improve separation 
efficiency and sorbent utilization. The rest, generally 
called fly ash, is transported to the residue silo by the 
residue conveying system. 

A continuous emission monitoring system (CEMS) 
is located in the emissions control room and monitors 
continuously the flue gases exiting the air pollution control 
system. The induced draft fan maintains the necessary 
sub-pressure in the whole plant and assures that the 
flue gases are conveyed from the furnace to the stack. 

The above parts of the Hitachi Zosen Inova energy- 
from-waste technology are described in further detail 
in the following sections. 

Description of the Elements of the Hitachi Zosen 
Inova Energy-from-Waste Technology 

HZ Inova Technology Features 

General Grate combustion is the most reliable and 
proven technology for thermal treatment of municipal 
and similar wastes. HZ Inova has used this technology 
for over 70 years and has built over 500 units world¬ 
wide. Over this period, the technology has continu¬ 
ously been perfected, supplemented with new 
developments, and adapted to changing requirements. 
In the following sections, the HZ Inova EfW technol¬ 
ogy is presented. 

Plant Sizes A single combustion train operates 
within the range of the load range diagram (LRD) 
shown in Fig. 4. This diagram shows the waste 



Waste throughput 


Hitachi Zosen Inova Technology. Figure 4 

Typical load range diagram of a 1,000 tpd EfW plant 
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throughput, in tons per hour (t/h), on the horizontal 
axis and the thermal load, in megawatts (MW), on the 
vertical axis for different heating values (here lower 
heat value LHV, in kj/kg) of the waste. The LRD of an 
EfW plant defines, for a given waste LHV, how much of 
that waste can be treated in this plant and how much 
energy will be released during combustion within the 
operating range of the unit. 

HZ Inova EfW units (or “trains”) are typically built 
within the following size range: 


Waste 
throughput 
(metric tons) 

t/h 

4-42 

Per combustion 
unit 

t/day 

100-1,000 

Per combustion 
unit 

kt/year 

33-330 

Per combustion 
unit 

Waste 

LHV 

kJ/kg 

4,500-18,000 


HHV 

Btu/lb 

2,500-8,400 


Thermal 

capacity 

MW 

15-120 

Per combustion 
unit 


Recently, with the proven reliability of the HZ Inova 
EfW technology, ever more single train plants are 
planned and built. The main question related to single 
train plants is if waste can be stored or otherwise 
diverted as well as if it is acceptable to have no heat 
and/or power supply during service outages. For larger 
plants, or if redundancy is important, multiple trains 
can be combined in one EfW plant as needed. 

Technology Requirements The waste management 
market requires for EfW solutions with highest possible 
flexibility regarding calorific values and composition of 
wastes to be treated. With changing consumer habits 
and waste management strategies, including various 
recycling schemes, properties of feed streams available 
for an EfW plant can significantly change. At the same 
time, EfW solutions must meet the highest environ¬ 
mental standards, high thermal efficiency, and be cost 
effective. The main objectives of the thermal treatment 
of waste can be summarized as follows: 

• Complete inertization and volume reduction of waste 

• Destruction of organic pollutants 

• Recovery of metals and other useful products 


• Concentration of inorganic pollutants in a usable or 
inert form 

• Highest recovery of energy contained in waste for 
substitution of primary energy 

• Cleaning of flue gases to very stringent environ¬ 
mental standards 

These objectives translate into the following 
requirements for a grate combustion system: 

• Continuous and controlled waste feed to achieve 
a constant thermal output despite inhomogeneous 
waste properties 

• Closely controlled supply of combustion air to the 
individual combustion zones (drying, gasification, 
ignition, primary combustion, post-combustion) 
and minimization of infiltration air to ensure 
good and efficient combustion 

• Controlled and adapted movement and stoking of 
the waste on the grate through the above combus¬ 
tion zones to ensure good burnout 

• Efficient and reliable boiler system in order to min¬ 
imize scaling, corrosion, and erosion in a very dif¬ 
ficult environment 

• Effective and economic air pollution control system 
that is adaptable to special local requirements, such 
as non-attainment zones 

Specific main components that make up the 
Hitachi Zosen Inova EfW technology and fulfill the 
above requirements are described below in detail. 

Waste Pit and Crane 

General The purpose of the waste pit and crane is to 
receive the waste as delivered by the collection or trans¬ 
fer vehicles, store the waste, and also blend it and load it 
into the waste hoppers so that they are always full. 

Waste Pit The waste pit is a large concrete bunker for 
storage of the waste delivered until it is treated. It serves 
to uncouple the waste delivery from the waste treat¬ 
ment so that the plant can continue to operate during 
weekends and holidays when waste delivery is 
interrupted. Also waste delivery can continue while 
the plant is shutdown for periodic maintenance. 

Another important function of the waste pit is to 
provide the crane operator with the volume needed to 
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mix the waste. To get the highest capacity and to reduce 
wear and tear of the equipment, the plant should be 
operated as stably as possible. This can only be done if 
the incoming waste, where one truckload could contain 
completely different waste than the next, is mixed 
within the waste pit. 

To prevent the combustible waste from igniting 
in the pit, infrared cameras are installed. When they 
detect a hot spot, water cannons are used to cool it 
down. 

To prevent the odors in the waste pit from escaping 
to the environment, either the entire tipping area is 
enclosed or the dropshafts are equipped with doors. As 
noted earlier, air is aspirated from the waste pit and 
used as primary air for combustion. This assures that 
when the doors are open, air is drawn into the pit and 
the odor is contained. 

Waste Crane A grapple crane (Fig. 5) is used to move 
the waste in the waste pit for mixing, stacking, and 
transferring waste to the feed hopper. A single crane 
can lift loads of several cubic meters of waste in the 
grapple. 

Scales are integrated into the crane in order to 
weigh every load which is deposited into the feed hop¬ 
per. This allows the combustion control system to 
calculate the operating point, monitor trends of waste 



Hitachi Zosen Inova Technology. Figure 5 

Crane operator loading waste to feed hopper 


composition changes, and adapt operating parameters 
accordingly. 

The crane operation can also be automated for 
certain periods of time so the operator can follow 
other duties. 

Feed Hopper 

General The purpose of the feed hopper/feed chute is 
to receive waste from the waste pit/bunker via the crane 
and then to convey the waste onto the ram feeder. It 
also serves the purpose, by means of the compacted 
waste column in the chute, of forming a seal between 
the pit bunker and the combustion chamber, which 
prevents leakage air into the combustion chamber. 
Alternatively, the feed chute can be shut off by closing 
its flap gate. 

Description Figure 6 shows the complete feed hop¬ 
per, consisting of hopper, hopper flap gate, feed chute, 
and support frame. In order to prevent wear, certain 
key areas are protected with wear-resistant steel sheet. 
The slope of the hopper walls and the arrangement of 



Hitachi Zosen Inova Technology. Figure 6 

Feed hopper, chute, and support frame 
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the hopper flap gate are designed to prevent arch 
buildup and, thereby, ensure continuous delivery of 
waste to the ram feeder table. The hopper rests on the 
concrete loading deck above the bunker pit and 
a sufficiently high protection barrier is provided for 
personnel safety. 

The height of the feed chute facilitates a sufficiently 
high waste column that seals the combustion chamber 
from the waste bunker during combustion. The feed 
chute and the support frame are water-cooled to resist 
any thermal stress that may occur during operation. 

The feed hopper flap gates (Fig. 7) are installed in 
the bottom of the hopper, one for each grate lane. 



Hitachi Zosen Inova Technology. Figure 7 

Feed hopper flap gate 


These gates are hydraulically operated by cylinders 
powered by the hydraulic station. The hopper flap 
gates seal the combustion chamber from the bunker 
prior to waste charging and during system shutdown. 
An interlock with the combustion chamber tempera¬ 
ture ensures that during system start-up the hopper 
flap gate cannot be opened and waste cannot be 
charged until the minimum combustion chamber tem¬ 
perature is reached. 

In order to monitor the waste height, a reliable, low- 
maintenance level monitor is installed on the feed chute 
to provide a low-level alarm. Depending on the require¬ 
ments for automated operation, one additional level 
monitor can be installed in the hopper in order to signal 
to the crane operator to load additional waste. A third- 
level detector can be installed in order to signal a possible 
formation of an arch in the feed hopper. 

Ram Feeder 

General The purpose of the ram feeder (Fig. 8) is to 
push the waste from the feed chute and distribute it 
onto the grate at a controlled rate, as required by the 
combustion control system. 

Description The waste descends in the feed chute 
and falls on to the horizontal feeder table, over which 
hydraulically driven ram feeders (one for each grate 



Dividing wall 


Hitachi Zosen Inova Technology. Figure 8 

Ram feeder arrangement 
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lane) slide. As the feeders slide back, waste falls from 
the feed chute to the feed table. As the feeders slide 
forth, waste on the feed table is pushed onto the incin¬ 
eration grate. 

The speed and length of the forward stroke can be 
continuously varied, depending on steam flow demand 
and waste properties. With each stroke, a defined vol¬ 
umetric quantity of waste is pushed onto the incinera¬ 
tion grate. The return stroke is made at full speed. The 
continuous regulation of the forward stroke allows 
uniform metering and immediate adjustment of waste 
required on a specific grate row. The strokes are 
adjusted by the ram feed controller housed in the 
grate control cabinet located in the immediate vicinity 
of the waste-charging area. The ram feeders can also be 
operated manually from this local control cabinet and 
monitored by the DCS. 

Grate 

General The purpose of the grate is to incinerate the 
waste and to ensure continuous and complete combus¬ 
tion resulting in an adequate burnout of the bottom 
ash to a level of typically less than 3% TOC (total 
organic carbon). 

Description 

Overview The basic component of the combustion 
grate is the grate module. As can be seen in Fig. 9, the 
four-grate modules are joined together longitudinally 


to form one-grate “lane.” A grate consists of one to four 
parallel grate lanes. Figure 10 shows a three-lane grate. 
The width and the number of grate lanes, and therefore 
the grate size, are determined by the design throughput 
and the calorific value of the wastes. 

The grate is an inclined forward-feed grate with 
a slope of 10° to the horizontal. The last grate zone - 
the burn-out zone - is not inclined, in order to provide 
for optimal bottom ash quality. The grate, including 
the riddling hoppers below, is attached to the furnace 
structure at the feed end by means of a pivot mount 
which allows it to move. The grate rests on the grate 
support structure; this allows it to move in response to 
thermal expansion. The grate cylinders and riddling 
hoppers move with the grate as it expands and con¬ 
tracts. A boiler-to-grate expansion joint is installed 
between the grate module and the lower water wall 
headers. 

Each grate module is driven by two hydraulic cyl¬ 
inders. A separate hydraulic control block is provided 
for each grate element. The stroke acts on the grate 
carriage located on guide surfaces, thereby cycling the 
movable grate block rows. 

The number, speed, and length of strokes performed 
by the movable grate block rows can be continuously 
controlled in response to the process needs and the 
frequently changing properties of the waste. 

Grate Modules Each grate module (Figs. 11 and 12) 
consists of six grate block rows, alternating between 




Hitachi Zosen Inova Technology. Figure 9 

Four-grate modules in a lane 


Hitachi Zosen Inova Technology. Figure 10 

Three-lane grate 
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movable and stationary rows. An end piece is bolted 
onto the last grate module which forms the transition 
from the grate end to the bottom ash discharge chute. 

With the exception of the side plates, the stationary 
and movable blocks are identical. The grate blocks are 
supported and mounted on retaining tubes. The block- 
retaining tubes for the stationary block rows are 
supported on brackets which rest on the stationary 
support structure of the grate module. However, the 
block-retaining tubes for the movable block rows are 
connected to brackets, which in turn are secured to the 
supports of the grate carriage that moves in the direc¬ 
tion of the waste. The grate carriage is equipped with 
rollers and guides the movable grate rows. Dual 
hydraulic cylinders drive the rows back and forth. 



Hitachi Zosen Inova Technology. Figure 11 

Grate module 


The drive cylinder is attached to the grate carriage 
and secured to the support structure by means of 
a universal joint. The piston rod acts on the drive 
carriage attached to it, and thus to the movable grate 
block rows. The hydraulic cylinders are powered by 
a hydraulic station. 

Grate Block Rows All of the six grate block rows 
per module are made up of either air-cooled or 
water-cooled grate blocks. The grate blocks are 
supported on the block-retaining tube as shown in 
Fig. 13. To minimize the gaps between blocks, they 
are held together by means of a tension rod. The two- 
part tension rod is inserted into the outermost grate 
blocks and tightened in the middle with a turnbuckle. 
This reduces riddlings and prevents undesirable airflow 
between the grate blocks and maintains a constant 
pressure drop across the grate. 

Air-Cooled Grate Block The grate blocks support and 
push the waste through the combustion zone, and thus 
are exposed to extreme thermal, chemical, and 
mechanical stress. They are made of cast steel and are 
surface-machined as required. 

The grate blocks are also designed to distribute the 
primary air evenly through the waste bed. This is done 
by openings at the front of the grate block. These 
openings are angled downward and protected by 
a small nose in order to help prevent them from getting 
fouled or clogged (Fig. 14). 



Block retaining Air cooled 

tubes blocks 


Water cooled 
blocks 


Side plates 


Hitachi Zosen Inova Technology. Figure 12 

Rows of grate blocks in a module 
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Hitachi Zosen Inova Technology. Figure 13 

Air-cooled grate block 



Hitachi Zosen Inova Technology. Figure 14 

Aquaroll water-cooled grate block 


To reduce the thermal stress on the grate block, it 
has to be cooled as uniformly as possible. This is 
achieved by the air that is guided through the grate 
block. The total opening of the air path through the 
grate blocks is designed such that a minimum pressure 
drop across the grate is maintained at all operation 
points. This assures an even distribution of the primary 
air through all grate blocks and reduces the risk of local 
superheating and associated excessive wear and tear. In 
addition, good distribution of primary air is essential 


Prim. Air 



Blue: Primary Air System 
: Secondary Air System 
Green: Flue Gas Recirculation 
System 


Silane & 


H&ater Prim. Air Fan 


Aspradion 
Waste Pd 


SfHTCKf 


Aspir alien 


from Baler 




Sac. Ail Fan 


Hitachi Zosen Inova Technology. Figure 15 

Combustion air and flue gas recirculation systems 


to prevent excess formation of carbon monoxide and 
prevents the formation of clinkers on the grate surface. 

Water-Cooled Grate Block For high-calorific wastes, 
the airflow alone does not provide sufficient cooling 
of the grate blocks. Aquaroll® water-cooled grate blocks 
as shown in Fig. 14 are used in such applications. Forced 
water circulation through a cooling tube cast into the 
grate block assures a low enough surface temperature of 
the grate block such that wear is drastically reduced. 

Combustion Air System 

General The main purpose of the primary air system 
(blue in Fig. 15) is to control and deliver the drying and 
combustion air to the hoppers underneath the grates at 
the right flow rate, pressure, and temperature as required 
for optimum combustion in the individual zones. 

The secondary purpose of the primary air system is 
the ventilation of the tipping and waste pit area such 
that odors are contained therein. 

The purpose of the secondary air system is to con¬ 
trol and deliver the secondary combustion air to the 
combustion chamber above the grate. It creates the 
turbulence in the combustion chamber, which assures 
complete burnout of the flue gases. 

Primary Air System 

Overview The primary air is drawn in from the waste 
bunker and delivered separately, by the primary air fan, 
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to the underside of the individual grate zones. The air is 
sucked from the pit in order to maintain a negative 
pressure and thus control odors. The system comprises 
the intake filter/screen, the primary air fan, the primary 
air preheater (if needed), as well as all associated ducts, 
dampers, and expansion joints. Distribution headers 
and ducts as shown in Fig. 16 direct the primary air to 
the respective grate modules and the combustion 
zones. 

The primary air flow is controlled by the variable 
speed drive of the primary air fan. The distribution of 
primary air to each of the four zones is controlled by 
zone dampers. The flow rate of the primary air is 
measured in total as well as for each of the four zones 
to provide feedback to the combustion control system. 

In areas where the calorific values of the waste are 
very low, the primary air is preheated using steam. This 
improves drying of the waste in the first grate zone and 
ensures proper burnout. 

Primary Air Fan The primary air fan is a standard 
centrifugal, backward inclined blade-type fan with 
single or double bearing and with direct connection 
to an electric motor drive. Since the air may contain 
dust from the waste pit area, the fan is equipped with 
openings for inspection and cleaning. 



Hitachi Zosen Inova Technology. Figure 16 

Primary air distribution headers and ducts underneath 
grate 


Primary Air Preheater For waste with low calorific 
value, a two- or three-stage air preheater is installed 
on the discharge side (positive pressure) of the primary 
air fan. The first stage preheats the air by cooling the 
condensate formed in the subsequent stage(s). 
The second stage is a low-pressure steam (LPS) and 
the third stage is a high-pressure steam (HPS) heater. 
The LPS stage is typically fed off an extraction from the 
steam turbine, while the HPS stage is feed off the boiler 
steam drum. This setup uses internal steam sources and 
therefore increases the plant’s overall energy efficiency. 

Since the primary air contains dust from the waste 
pit area, the open cross-sectional area is largely dimen¬ 
sioned, and the tube arrangements used as heat 
exchanger surfaces are exclusively in-line. A sufficient 
number of openings are provided for online inspection 
and cleaning. A bypass is provided for possible cleaning 
while the heater is off-line. 

Secondary Air System 

Overview Volatile components of the waste are released 
on exposure to heat. Some of them do not immediately 
combust on the grate because they may react more slowly 
or because oxygen is missing at that particular location in 
the waste bed on the grate. It is therefore necessary to 
provide overfire air and thoroughly mix the air with the 
flue gases above the grate to assure complete combustion 
of all volatiles released. This air is delivered via the 
secondary air system (Fig. 17). 



Hitachi Zosen Inova Technology. Figure 17 

Secondary air and recirculated flue gas headers and 
injection nozzles 
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The secondary air is drawn in from the boiler house 
under the roof in order to recover some energy from 
the radiant losses of the boiler equipment. It is deliv¬ 
ered by the secondary air fan to the secondary air 
nozzles above the grate (Fig. 18). This system consists 
of the intake filter/screen, the secondary air fan, the 
secondary air preheater (if needed), the secondary air 
nozzles, and associated ducts, dampers, and expansion 
joints. 

The secondary air is injected into the furnace at an 
angle, so that it causes a swirl flow in the combustion 
chamber. This swirl assures good mixing of the com¬ 
bustion gases and stabilizes the flue gas flow in the 
furnace. 

The secondary airflow is controlled by the variable 
speed drive of the secondary air fan. Its flow is con¬ 
trolled by locally adjustable dampers in the distribution 
lines to the secondary air nozzles. These are preset 
during initial start-up. The flow rate of the secondary 
air is monitored and controlled by the CCS. 

In case the calorific values of the waste are very low, 
the secondary air is preheated. This ensures that the 
combustion products are properly burned out without 
using auxiliary fuel. 

Secondary Air Fan The same type of fan can be used 
as for the primary air system. 


I 
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Secondary air and recirculated flue gas nozzle 


Secondary Air Preheater At very low waste heat values, 
a single-stage air preheater is installed on the discharge 
side (positive pressure) of the secondary air fan. It uses 
low-pressure steam. This setup extends the operating 
range of the furnace without using the auxiliary 
burners to maintain the furnace temperature. Using 
internal steam sources increases the plant’s overall 
energy efficiency. 

Flue Gas Recirculation System 

General The purpose of the flue gas recirculation 
system (green in Fig. 18) is to supply a portion of the 
cleaned flue gases back to the combustion chamber, in 
order to improve mixing and provide additional 
cooling without the need for more combustion air. 
This improves the overall energy efficiency of the unit. 

Description 

Overview Flue gas recirculation reduces the amount 
of fresh air that has to be injected at the secondary air 
injection level for cooling and mixing purposes. It 
controls the combustion chamber temperature 
without adding air. This reduces the oxygen content 
in the flue gases as well as carbon monoxide and nitric 
oxides formation. 

The flue gas is diverted downstream of the induced 
draff fan and is reinjected into the combustion cham¬ 
ber. The system comprises the flue gas recirculation fan 
as well as all associated ducts, dampers, and expansion 
joints. The system further has a purge connection for 
fresh air so the ducts can be purged with ambient air in 
order to dry them and prevent corrosion during a plant 
shutdown. The flue gas ducts must be well insulated. 

The recirculated flue gases are injected through 
a central pipe of the secondary air nozzles. The flow 
rate is controlled by a variable speed drive as calculated 
by the CCS. 

Recirculated Flue Gas Fan The same type of fan can be 
used as for the primary air system, however, adapted 
to the higher operating temperature and properly 
insulated. 

Secondary Air/Recirculated Flue Gas Nozzles The 
nozzles (Fig. 18) are specially designed and placed to 
provide the impact needed to create a swirl flow pattern 
in the secondary combustion chamber. The concentric 
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design with the recirculated flue gas in the center tube 
and clean secondary air in the annular gap minimizes 
the risk of plugs due to dust possibly present in the flue 
gases. A poke hole allows cleaning the center tube 
online. 

Flow Optimization with Swirl Injection 

General The injection of secondary air and 
recirculated flue gas as described above has been opti¬ 
mized to achieve best gas burnout. CFD modeling, as 
shown in Fig. 19, has been used to optimize number, 
location, and angle of injection points. Tangential 
injection into the furnace creates a swirl in the com¬ 
bustion chamber. This swirl improves the mixing of the 
combustion gases and helps maintain a uniform flow 
pattern. 

Description The geometry of the secondary combus¬ 
tion chamber (SCC) is designed for optimal flow con¬ 
ditions. In addition, the arrangement of the secondary 
air and recirculated flue gas nozzles creates a swirl in 
the SCC. Due to this swirl, the gas flow is homogenized 
with respect to temperature, velocity, and concentra¬ 
tions (Fig. 20). This flow configuration results in: 
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CFD of swirl injection 


• Improved burnout of flue gas 

• Uniform temperature profile across the secondary 
combustion chamber 

• Reduction of CO-concentrations by approx. 70% 
(Fig. 20) 

• Minimize risk of corrosion of unprotected heating 
surfaces 

• Improved burnout of fly ash 

• Reduced reformation of dioxins 

Start-up Burners 

General Start-up burners are specially designed for 
use in waste incinerators. They are located in the lower 
part of the combustion chamber above the secondary 
air injection area. Their primary purpose is to heat up 
the furnace gradually and in line with refractory 
requirements until the temperature is reached 
where wastes can be burned. The same applies 
during a controlled shutdown. During normal opera¬ 
tion, the burners are switched off. Very seldom, with 
very low calorific wastes, the burners have to run to 
assure the minimum combustion temperature in the 
furnace. 

Description A separate burner fan provides the com¬ 
bustion air needed for the burner. The volume of com¬ 
bustion air is controlled by the burner control system 
and adjusted by the control damper incorporated 
into the air manifold. A pressure indicator is located 
in the duct upstream of the air manifold to monitor 
the operation of the combustion air fan. Since the 
burner is normally off during operation, it must 
be protected from the thermal radiation in the furnace. 
This can be done by a small, cooling air fan as shown 
on Fig. 21 together with the burner. Alternatively, 
a refractory-lined guillotine-type damper can be 
installed, which isolates the auxiliary burner from the 
furnace. 

The burner control system ensures the burner safety 
and controls the correct fuel/air ratio. It is installed in 
a control cabinet located near the burner. All burner- 
operating commands, and the release signal from the 
system safety network, come from the plant control 
system. The local control panel can be used to commis¬ 
sion and optimize burner operation as well as to cancel 
local error messages during operation. 








Hitachi Zosen Inova Technology 1073 



Hitachi Zosen Inova Technology. Figure 20 

Average CO levels before and after installation of the swirl injection system 
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Typical auxiliary burner with cooling air fan 


Conveyor of Grate Siftings/Riddlings 

General While all moving parts of the ram feeder and 
the grate are designed with minimum gaps, the thermal 
expansion of the materials between ambient and oper¬ 
ating temperatures unavoidably lead to small gaps 
through which small parts in the waste or the ash can 
fall through. The purpose of the grate siftings/riddlings 
conveyor (circled in Fig. 22) is to constantly remove 
these so-called siftings/riddlings while maintaining the 
air seal to the environment for the primary air system. 

Description A wet drag chain conveyor is used for 
this application. One conveyor can be used for up to 
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Riddlings conveyor 


two grate lanes. Riddlings are collected from five loca¬ 
tions for each lane: four grate modules and the ram 
feeder. The siftings/riddlings are collected in hoppers 
underneath these locations and delivered to the con¬ 
veyor via chutes. The chutes are immersed under the 
water level inside the conveyor, thus ensuring an air seal 
between the furnace enclosure and the environment. 
The wet drag chain conveyor quenches the grate siftings 
and transports them toward the bottom ash extractor. 

The amount of siftings/riddlings delivered varies and 
can change over the operating years due to wear and tear 
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of the moving equipment. The drag chain conveyor can 
be adjusted to these conditions. Appropriate openings 
are installed at various points of the conveyor for inspec¬ 
tion and cleaning as needed. The conveyor is a watertight 
steel construction. The key areas prone to wear are 
protected using wear-resistant plates. 

The conveyor designed for the case that a heavy 
piece such as a damaged grate block falls into the 
conveyor. A shear pin protects the conveyor, and 
a zero-speed switch alarms the control room. The con¬ 
veyor’s water level is maintained using a float valve. 

Bottom Ash Extractor 

General The purpose of the bottom ash extractor 
(Fig. 23) is to cool the bottom ashes from the furnace 
as well as discharge bottom ashes and riddlings while at 
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3D model and picture of bottom ash extractor 


the same time maintaining the air seal from the furnace 
to the environment. 

Description The bottom ashes remaining at the end 
of the grate fall into the bottom ash extractor, where 
they are quenched in a water bath. The grate siftings/ 
riddlings are delivered to the bottom ash extractor via 
the grate siftings/riddlings conveyor. The bottom 
ash discharge chute has an airtight connection to the 
grate, and the water bath in the bottom ash extractor 
provides an air seal between the furnace and the 
environment. 

The design of the bottom ash chutes and extractor 
is such that the large pieces of bottom ash can be 
discharged without difficulty. A hydraulically driven 
ram pushes the bottom ashes once every few minutes 
from the bottom of the extractor upward to the sloped 
chute and toward the outlet. There, the ashes stay until 
they are further pushed by the next ram stroke. After 
a few strokes, the ashes reach the edge at the outlet, fall 
on a belt or vibrating conveyor, and are transported to 
the ash storage and treatment. During this period, 
water contained in the ashes drains back to the water 
bath so that the final moisture content of the bottom 
ash is typically about 20%. 

The hot ashes falling into the water bath cause some 
of the water to evaporate. This water vapor rises into 
the combustion chamber through the bottom ash 
chute. Water vapor is also formed in the outlet chute 
of the ash expeller since larger ash pieces may still be 
warm. From there, the vapor is conveyed into the 
furnace by means of a small fan. A water-level control 
regulates the feed of water to replace the evaporated 
water and maintain the water level in the bottom ash 
extractor. 

The bottom ash extractor is made of reinforced steel 
plates in a completely welded design. In order to reduce 
wear, the trough is internally lined with wear plates. 
The bottom ash discharge chute is a double-walled 
structure made of steel plate. 

Hydraulic Station 

General The purpose of the hydraulic station is 
to power the hydraulic cylinders for the feed hopper, 
the ram feeder, and the grate and the bottom ash 
extractor. 
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Hitachi Zosen Inova Technology. Figure 24 

Typical hydraulic station 

Description A single hydraulic station as shown in 
Fig. 24 is provided for each incineration train. The 
pumps, tanks, heat exchanger, and valves are all 
mounted and placed in a secondary containment in an 
easily accessible location at grade. Hydraulic oil is sup¬ 
plied by a set of hydraulic pumps located on the hydrau¬ 
lic reservoir. Each hydraulic drive has a separate 
hydraulic control block with electrical control elements. 

Two redundant sets are equipped with a pressure- 
dependent flow rate control system, to perform the 
respective functions of the feed hopper, the ram feeder 
and the grate. Each grate module has a separate control 
block. 

A third hydraulic pump is pressure-controlled and 
is used for the bottom ash extractor. Redundancy is 
provided by the other two pumps. 

A water-cooled heat exchanger is integrated into the 
return line of the hydraulic circuit. 

A pressurized tank is provided for the case of power 
failure in order to safely close and/or open the neces¬ 
sary cylinders and bring the system into its fail-safe 
position. 

Combustion Control System 

General The purpose of the combustion control sys¬ 
tem (CCS) is to provide a stable steam load in auto¬ 
matic mode. Since waste is a highly variable fuel, this is 


not a simple task. Various parameters must be moni¬ 
tored and various equipment need to be controlled in 
a concerted way. 

Description 

Overview Control Functions Figure 25 shows a typical 
Hitachi Zosen Inova combustion control system 
(CCS). It allows for largely automatic and secure 
operation at the requested load. Even at varying waste 
qualities, compliance with legal operating conditions 
such as the combustion chamber temperature and the 
oxygen content in the flue gas as well as an efficient 
gas and bottom ash burnout are assured because of 
the automatic control system. Steady control of 
the combustion conditions minimizes stress to the 
equipment and reduces fouling in the combustion 
chamber. Good combustion control includes: 

• Keeping the steam flow constant, as preset by the 
operator 

• Keeping the flue gas flow rate constant 

• Ensuring an efficient gas burnout by keeping the 
oxygen content in the flue gas within the desired 
limits 

• Ensuring the fire is in the right position for an 
efficient bottom ash burnout 

All these aspects are interdependent and are heavily 
influenced by changing waste properties. Thus, 
a multivariable control system is required. The follow¬ 
ing parameters are monitored and controlled: 

• Steam flow rate 

• Oxygen content at the boiler outlet 

• Primary airflow rate 

• Primary air temperature 

• Secondary airflow rate 

• Flue gas recirculation flow rate 

• Temperature of ceiling above grate end 

Also, the following equipment is controlled: 

• Ram feeder 

• Grate 

• Primary air fan 

• Primary air dampers per zone 

• Primary air heater 

• Secondary air fan 

• Flue gas recirculation fan 









1076 Hitachi Zosen Inova Technology 



Hitachi Zosen Inova Technology. Figure 25 

Overview main combustion control functions 


The control structure consists of both parallel con¬ 
nections of different controllers and of serial (cascad¬ 
ing) connections of controllers located at various levels 
in the control system. 

Overview Control Systems As shown in Fig. 26, the 
DCS controls the EfW plant. It contains three main 
elements: (1) the basic Combustion Control System 
(CCS) as well as other control systems of the plant 
such as the controls of the Air Pollution Control 
System (not shown in the graph). (2) the Sequence 
Controller, which informs about the state of the plant 
as well as automatically brings it to the next mode as 
needed. (3) the Operator Terminals where the plant can 
be monitored and manually optimized or operated. 
The DCS receives signals from the plant such 
equipment status and flowrates or temperatures and 
it controls the plant through main control variables 
such as primary air temperatures and flowrates or 
ram feeder throughput etc. Its parameters and 


setpoints may not only be determined through the 
Operator Terminal, but also by Auxiliary Control 
Systems (ACS) which further improve quality and 
stability of operation. 

The main control variables either directly control 
certain parameters such as for example the steam flow 
to the primary air heater such that the correct primary 
air temperature is reached, or it controls Equipment 
Control Systems (ECS) which are in turn controlling 
various individual equipment functions to assure the 
desired operation. The DCS will for example ask the 
ECS of the grate and ram feeder to provide more or less 
waste to keep the steam flow to the turbine constant. 
But it lets the ECS do the detailed equipment control to 
feed, move and riddle the waste fuel by setting the 
stroke of all grate elements in the individual combus¬ 
tion zones. The ideal stroke pattern can be assigned to 
each individual grate element depending on waste 
properties and actual combustion profile. The opti¬ 
mum stroke frequency is preset for each grate module. 
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Hitachi Zosen Inova Technology. Figure 26 

Main combustion control system architecture 


For example, the grate modules in the main combus¬ 
tion zone have a higher stroke rate than those in the 
burnout zone. For simple changes of the throughput 
the stroke rates for the entire grate can be uniformly 
increased or decreased without changing 
the relationship between the individual grate 
modules. If there is a change in calorific value and 
therefore in the combustion profile on the grate, the 
specific stroke rate for the individual grate zones can 
be adjusted by changing the frequency or length of 
strokes. This affects the travelling speed of the waste 
on the grate, but also the thickness of the waste layer on 
the grate, the stoking effect and therefore the combus¬ 
tion profile. 

For an even more precise and automatic control of 
the combustion profile, specially for large grates and 
very inhomogeneous wastes one or more ACS can be 
installed. The Burnout Control or the Fire Position 
Control measure the location of the fire by means of 
pyro-sensors at various locations across the width and 
along the length of the grate. This allows to automati¬ 
cally adjust the stroke pattern locally on the grate if the 


waste properties are different on one side of the grate 
than on the other side. This further improves the burn¬ 
out of the waste to even lower values. With the basic 
CCS one typically can only see that the waste properties 
have changed after the steam flow has already dropped 
or increased. An improved waste dosing control and 
fuzzy-hybrid steam control allow to better anticipate 
possible changes in the waste composition and to pro¬ 
actively change the control settings such that the steam 
flow to the turbine and therefore the power production 
constantly remains at the desired value. 

Basic Control Functions The basic settings for the 
controlled equipment are set during design and 
adjusted during commissioning. These settings are 
valid for the desired operation point with mean waste 
properties. During normal operation, there may be two 
reasons why these settings have to be changed: 

The operator needs to operate at a different opera¬ 
tion point because he receives more or less waste or 
because he wants to deliver more or less electricity or 
steam. 
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The operator wants to stay at the same operation 
point, but the properties of the wastes change 
with time, for example, because the ratio between 
industrial and residential wastes changes or because 
the waste is wetter due to heavy rain in the past days 
or similar. 

The main parameter to be controlled is the pro¬ 
duced steam flow, while keeping other parameters such 
as the temperatures and the oxygen content in the flue 
gases within the desired range. When the steam flow is 
below the desired value at a given load, the primary 
airflow below the grate is increased; simultaneously, the 
secondary airflow above the grate is decreased by the 
same rate. With this intervention, the combustion load 
is increased at constant total air supply. At the same 
time, the ram feeder and the grate stroke frequency are 
increased. As a result, the fire is intensified and more 
waste is fed to the grate. If the capacity is increased or if 
the oxygen concentration in the flue gas drops, the total 
combustion airflow is increased and the recirculated 
flue gas flow adjusted. In analogy, when the steam flow 
is higher than desired, the control interventions are 
reversed. 


Thermal Load from 
Waste [ MW ] 


Waste Heat Value 
(LHV) [ MJ/kg ] 
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Navigator diagram 


Additionally, manual intervention is possible 
allowing the operator to further optimize the combus¬ 
tion process if necessary. However, the Hitachi Zosen 
Inova CCS is designed so that the plant cannot be 
continuously operated outside the permissible range 
as defined by the combustion diagram. 


Hitachi Zosen Inova Navigator The CCS automates 
the complete combustion process in such a way that 
the operator has to select only the set point for the 
desired steam flow rate and an estimation of the 
calorific value of the present waste (calorific value 
adjustment). In case of a change of the waste qualities, 
all basic set points are simultaneously modified by 
means of the calorific value adjustment so that 
favorable combustion conditions are always given. 

Using measured data and some minor assumptions, 
the thermal load from waste in the combustion dia¬ 
gram can be calculated (Fig. 27). The measured waste 
flow, at the crane, is used to calculate the actual calorific 
value and set the next operating point (short term, 3 h 
and 8 h average). The navigator screen is permanently 
updated. 

While this screen allows the operator to see the past 
operating points, there is also a feature called “calorific 
value adjustment” in the CCS that allows the operator 
with one simple adjustment to adjust the system for an 
anticipated change of the future operating point. The 
CCS then correctly adjusts the many set points of all the 
relevant subsystems. 


Start-up Sequence Also start-up is automated in the 
CCS. This includes heating up the post-combustion 
chamber by means of the start-up burners following 
a given ramp (Fig. 28) until the temperature in the 
chamber reaches the required minimal temperature. 
Once this condition is met, the gate in the feed chute 
is opened to admit the waste onto the grate where it will 
start to burn immediately. 

Shutdown Sequence After the waste feed is stopped, 
the temperature of the post-combustion chamber is 
kept above the minimal required temperature using 
the burners. When the grate is empty, the 
temperature in the post-combustion chamber is 
gradually and steadily decreased as shown in Fig. 29, 
until it is safe to start maintenance work. 

Steam Boiler 

General The purpose of the steam boiler is to transfer 
the heat from the flue gas to water and steam. The most 
frequent case is to produce superheated steam, as 
required in a steam turbine / generator to produce 
electricity. In the case where the recovered energy is 
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start-up of the incinerator 



Burner power (%)-Temperature (°C) 


Hitachi Zosen Inova Technology. Figure 28 

Typical start-up curve 
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Hitachi Zosen Inova Technology. Figure 29 

Typical shutdown curve 


used for heating only, a boiler can be designed to 
produce saturated steam only or heat water to be used 
in district heating. 

Description The Hitachi Zosen Inova steam boiler, 
in the example of the four-pass vertical boiler shown in 
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Typical four-pass steam boiler 

Fig. 30, can be described by the following main func¬ 
tions it provides in the water-steam cycle: 

• Economizer (green bundles ): In this section, the 
pressurized feed water is preheated to close to boil¬ 
ing conditions and fed into the steam drum. 

• Evaporator (blue bundles and all boiler walls) : In this 
section, water is recirculated from and to the steam 
drum. It is heated in the evaporator surfaces such 
that it partially evaporates. Steam is separated in the 
steam drum and water is recirculated again. 

• Superheater (red bundles ): In this section, the steam 
separated in the steam drum is further heated to 
desired conditions. 

The steam boiler can also be described by its 
configuration in terms of the number and arrangement 
of passes. A pass is a section of the boiler in which the 
flue gases flow in the same direction. The boiler can be 
designed in various possible configurations. In the 
following, a four-pass vertical boiler is described in 
further detail. It consists of the following passes in 
which one or more of the above functions are 
performed: 
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• First pass: Vertical radiation pass made of evapora¬ 
tor membrane walls with refractory lining and/or 
Inconel cladding on flue gas side. 

• Second pass: Vertical radiation pass made of evapo¬ 
rator membrane walls and possibly with additional 
evaporation bundle sections. 

• Third pass: Vertical convection pass made of evap¬ 
orator membrane walls as well as with bundles of 
superheater and evaporator sections. 

• Fourth pass: Vertical convection pass with steel 
casing and bundles of economizer sections. 

The steam boiler (passes 1-3) can be bottom or mid 
supported or even suspended. The fourth boiler pass is 
bottom supported. The steam drum is placed above the 
first boiler pass on the steel structure. 

The first pass is located above the incinerator grate 
and consists of membrane walls. Since these are exposed 
to the hottest temperatures and to the fire, they have to 
be protected by refractory lining or inconel clading. The 
sidewalls of the boiler extend downward such that 
the walls on the side of the grate form an integral 
part of the first pass. The front and back walls of the 
first pass extend downward to create the sloped roofs 
above the grate. The differences of thermal expansion 
between the boiler and the grate as well as between the 
third and fourth pass are compensated by expansion 
joints. 

Auxiliary Boiler Systems The steam drum is the 
central part of the steam boiler, where water and 
steam is separated and the water level and the steam 
pressure are monitored. It includes a feed water pre¬ 
heater coil as well as separating baffles or cyclones to 
efficiently separate water from the steam. It is of fusion- 
welded construction and fabricated from steel plate. It 
contains a manhole, hinged to open inward, as well as 
all necessary nozzles, connections, and openings 
required for operation, maintenance, and testing. All 
drum nozzles for instruments, valves, fittings, and 
tubes are welded to the drum. 

Since the boiler load may vary and the boiler 
heating surfaces are subject to scaling, the uncontrolled 
superheater section may provide more or less 
superheating depending on load and conditions. To 
be able to control the superheated steam temperature 
at all conditions, one or two spray desuperheaters are 


installed between the various superheater sections. 
There, feed water is injected in order to accurately 
adjust the superheater steam temperature. 

The superheated steam is collected in an outlet 
header where a pressure control valve and a stop valve 
are installed before the live steam pipe is directed 
toward the steam turbine. 

Safety valves are provided on the steam drum and 
in the live steam pipe to protect the boiler from exces¬ 
sive pressures. 

The cleaning of surfaces causes the ash to fall down 
from refractory, membrane walls or tube bundles. The 
ash is collected in the ash hoppers below each boiler 
pass and then removed via double gate or rotary valve 
to the ash collection system. 

All necessary provisions for normal maintenance 
access are made. Access doors are placed where 
required on both sides of the boiler. Ample space is 
provided between each tube bundle for adequate 
inspection and cleaning. External platforms provide 
access to each door and all control instruments. Pro¬ 
visions are made so internal platforms can be installed 
at various boiler levels for inspection, cleaning, and 
maintenance during outages. 

Boiler Cleaning 

General A waste incineration boiler is inevitably 
exposed to high fly ash loads. Hence, the effectiveness 
of the heat exchanger surface is reduced during the 
operation time by fouling. The purpose of online 
cleaning of the heat exchange surfaces is to extend the 
operating period and reduce maintenance cost. This 
can be accomplished by various means. The main 
options are: 

• Water shower cleaning 

• Sootblowers 

• Rappers 

Description 

Water Shower Cleaning A water shower cleaning 
system as shown in Fig. 31 can be installed for the 
online cleaning of the empty boiler pass. It enables an 
automatic cleaning of the membrane walls by means of 
water injection. The evaporation of the water on the 
dust layers results in sudden cooling and contraction of 
the ash layer which lets the ash layer crack and fall off. 
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Efficient cleaning of: 

• Boiler cover 

• Membrane walls 

• Platen type heating 


Hitachi Zosen Inova Technology. Figure 31 

Typical water shower system 

The water shower system is not often used in the 
beginning of an operation campaign. During that 
phase, the clean surfaces of the evaporator sections in 
pass 1 and 2 take more heat out of the flue gases than in 
the average. So less heat is available in the superheaters 
in the third pass and they may not reach the required 
superheated steam temperature at all conditions. 

With proceeding of the operation campaign, it is 
used more and more often to assure that the flue gas 
temperatures at the inlet to the superheaters do not 
exceed design temperatures. This is usually about once 
per week at the end of the operating campaign. And it is 
used right before shutdown for manual boiler cleaning 
which makes the cleaning much easier and faster. 

Sootblowers Sootblowers as shown in Fig. 32 are 
installed in before, after, and between bundles in 
a vertical boiler pass. 

The areas of the tube bundles exposed to the direct 
sootblower spray are protected by stainless steel tube 
shields. Various types of sootblowers exist. A typical 
retractable-type sootblower has two opposite high- 
performance nozzles and is helically moved in and 
out of the boiler during a cleaning cycle. Between cycles 
it is located in a cavity of the boiler wall and cooled with 
a small air stream to avoid prolonged exposure to the 
high temperatures. 

Sootblowers allow an effective online cleaning of 
tenacious fouling at heating surface banks with high 
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Hitachi Zosen Inova Technology. Figure 32 

Retractable sootblower 


flue gas temperatures. Sootblowers use superheated 
steam or compressed hot air as blowing agent because 
wet and moist steam can cause further caking of the 
fouling and cold air can cause corrosion if surface 
temperature of the sprayed area falls locally below the 
acid dewpoint of the flue gases. 

Rappers Rappers are usually used in vertical tube 
banks installed in a horizontal boiler pass. One rod 
connected to each of the vertical tube rows penetrates 
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Hitachi Zosen Inova Technology. Figure 33 

Automated rapper system 

the boiler wall. On the outside of the boiler this rod can 
be hit with a hammer from time to time. The rod 
transmits the impact of the hammer to the heat 
exchanger tubes and creates a vibration such that the 
accumulated dust and scaling falls off. The key is to hit 
the bundle at the right place with the right force to 
achieve ideal vibrations and acceleration. 

The hammering of the many heat exchanger tube 
rows is automated. Figure 33 shows a traveling rapping 
system which moves along the boiler and strikes each 
rod at a given interval and with a defined force. 

Boiler Surface Protection 

General The purpose is to protect the boiler surfaces 
from flame impingement and aggressive flue gas and 
boiler ash conditions. Usually, a combination of refrac¬ 
tory lining and Inconel cladding is used. 

Refractory Lining The refractory is different in vari¬ 
ous sections of the furnace (Fig. 34) and is optimized for: 

• Proper ignition of waste 

• Improved burnout of waste on the grate 

• Protection of heating surfaces from furnace erosion 

• Protect heating surfaces from high flue gas temper¬ 
atures (corrosion protection) 

• Achievement of high residence time of the flue gases 
at high temperatures for a complete burnout 



Hitachi Zosen Inova Technology. Figure 34 

Surface protection concept in furnace and first boiler pass 

These requirements are satisfied by choosing appro¬ 
priate materials and thickness of refractory in different 
zones. 

Inconel Cladding Inconel cladding is one option 
to protect the steel surfaces of the boiler from the 
corrosive atmosphere of the flue gases after waste 
combustion. Its biggest advantage is that it protects 
the boiler tubes without reducing the heat transfer. 
Its main disadvantage is cost. This is why the design 
of the surface protection concept is always an optimi¬ 
zation which has to be done in view of the waste 
properties and the plant owner’s operation and main¬ 
tenance philosophy. A welding robot applying an 
Inconel overlay to a boiler membrane wall is shown 
in Fig. 35. 

Sampling Station 

General The purpose of the sampling station is to 
monitor the water and steam quality at various loca¬ 
tions in the boiler system (Fig. 36). Correct sampling 
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Hitachi Zosen Inova Technology. Figure 35 

Welding roboter applying Inconel overlay to boiler tubes 

and possible required adjustments prevent corrosion or 
other serious malfunction of the water side of the boiler 
or subsequent equipment. 

Description The online sampling of a boiler is typically 
made to analyze the following fluids and parameters: 

• Condensate (pH and conductivity) 

• Boiler water (pH and conductivity) 

• Steam (conductivity) 

• Feed water (oxygen, pH, and conductivity) 

To simplify analysis, all fluids are piped to an easily 
accessible location. Therefore, sampling station equip¬ 
ment contains a lot of piping, valves, and instruments, 
as well as heat exchangers to cool the fluids to temper¬ 
atures suitable for handling. 

Chemical Dosing 

General The purpose of the chemical dosing system 
is to condition the water-steam cycle by the addition of 
chemicals such that required water and steam proper¬ 
ties are maintained. 



Hitachi Zosen Inova Technology. Figure 36 

Sampling station 


Description The water-steam cycle chemistry is con¬ 
trolled in accordance with the requirements in the 
relevant boiler codes and turbine manufacturers by 
chemical injection into the feed water, usually of 
ammonia solution and trisodium phosphate. 

Ammonia is fed continuously into the feed water 
pipe between the feed water tank and the feed water 
pumps. Trisodium phosphate is fed continuously into 
the feed water pipe before the economizer of the boiler, 
but after the connecting pipes for spray water for the 
cooling of desuperheaters. 

Turbine System 

General The purpose of the turbine and generator 
system is to take the superheated steam produced by 
the boiler and create electrical energy. 

Description The turbine system is a standard steam 
generator turbine package consisting of an extraction 
turbine, a generator with electrical equipment and 
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Hitachi Zosen Inova Technology. Figure 37 

Typical steam turbine and generator 


protection, a lubrication oil system including oil filter 
and cooler and local control panel (Fig. 37). 

The turbine will typically have one or two steam 
extraction points. The first is typically around 3-5 bars 
(about 45-75 psi), which will provide steam to various 
internal, and possibly to external steam consumers via 
the low-pressure steam (LPS) system. A second extrac¬ 
tion point is made if heat is used by a heat consumer at 
higher temperature. This extraction point is typically 
around 10-25 bars (150-375 psi), which will provide 
steam to external and possibly to some internal 
steam consumers via the medium pressure steam 
(MPS) system. If there is no second extraction point, 
any possible internal MPS consumers will be fed with 
high-pressure steam directly from the boiler. The 
exhaust steam from the turbine is directed to the 
condenser at a pressure as low as possible with 
prevailing ambient conditions. 

During normal plant operation, the pressure con¬ 
trol in the live-steam header will be performed by the 
steam turbine’s pressure control valve. In case of a trip 
of the steam turbine, a controlled live-steam release to 
the condenser via the turbine bypass system will be 
initiated, in order to prevent the boilers’ safety valves 
from relieving pressure. In the event that the steam 
turbine’s capacity (typically 110% of the nominal 
load) is exceeded, the turbine bypass system is also 
activated, which will then take over pressure control 
in the main steam header. The turbine bypass system is 
also active during start-up and shutdown of the boiler 


in order to minimize any water losses. If the controlled 
live-steam release or the turbine bypass does not work, 
steam is blown off to the air through safety valves. 

Condenser 

General The purpose of the condenser is to condense 
the turbine’s exhaust steam during normal operation. 
However, during start-up, shutdown, and/or upset 
conditions, the purpose of the condenser is to conden¬ 
sate the entire steam load. 

Condenser Types Condensers can typically be one of 
the following three types: 

• Non-evaporative water-cooled condenser 

• Evaporative water-cooled condenser 

• Air-cooled condenser 

The lower the condensation temperature which can 
be achieved, the higher is the electrical energy efficiency 
of the turbine and the EfW plant. 

A once-through non-evaporative water-cooled 
condenser will reach the highest efficiency. However, 
it is rare today to find a large enough body of water 
which can absorb the cooling needs of a power plant 
seldom today there is a large enough water carrier close 
to the EfW plant which is allowed to be heated up for 
cooling of a power plant. This is why this solution 
cannot be realized very often. 

An evaporative water-cooled condenser reaches 
average efficiencies of the three proposed solutions. 
Its downside is the requirement of treated water 
which is not available everywhere in sufficient amounts 
and the frequent formation of a vapor plume which is 
not welcome everywhere. 

So an air-cooled condenser as shown in Fig. 38 
remains as the least energy-efficient option which how¬ 
ever also causes negligible impacts to the environment 
and the neighborhood. 

Description of an Air-Cooled Condenser Large air 
fans blow ambient air across the steam condenser tubes 
to cool them. 

The condenser is designed both for the maximum 
steam flow from the turbine in normal operation as 
well as for the total plant steam flow in the turbine 
bypass case. 
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Hitachi Zosen Inova Technology. Figure 38 

Air-cooled condenser 

Air or other incondensable gases entering the con¬ 
denser with the steam are extracted from the steam 
space of the condenser by a two-stage steam jet ejector. 
The condensed steam is returned to the condensate 
tank. The air extracted by the ejector is vented to the 
atmosphere. The driving steam for the ejector is taken 
from the HPS header. 

Cooling System 

General The purpose of the cooling system is to 
adequately cool the turbine and generator’s lubrication 
system. 

Description The cooling system is a closed loop 
cooling system that provides cooling water to the tur¬ 
bine oil cooler, the generator air cooler, the compressor 
cooling, and the sampling coolers. In an air cooler, the 
excess heat from the cooling water is transferred to the 
ambient air supplied by fans. The air cooler consists of 
different small cooler modules. Each cooler module has 
a fan with electrical motor. 

In case of partial-load operation and/or low ambi¬ 
ent air temperatures, the cooling-water outlet temper¬ 
ature can be adjusted by taking some of the cooler 
modules out of operation. The cooling water is circu¬ 
lated by means of redundant cooling-water circulating 
pumps. The cooling-water system is filled and/or 
drained by the cooling-water system filling pump. It 
is important to keep the pressure constant in the system 
and this is done by means of a diaphragm pressure- 
compensating tank equipped with a nitrogen buffer. 



Hitachi Zosen Inova Technology. Figure 39 

Deaerator and feed water tank 

Feed Water System 

General The purpose of the feed water system is to 
provide the boiler and superheaters with the required 
feed water flow and pressure. 

Description The feed water system consists of the 
deaerator with feed water tank (Fig. 39), the redundant 
feed water pumps (Fig. 40), and all the associated 
piping and valves. The feed water tank is sized ade¬ 
quately to provide enough storage volume to provide 
feed water to the boiler for a defined time. 

High-Pressure Steam System 

General The purpose of the high-pressure steam 
(HPS) system is to deliver HPS to the in- and out-of- 
plant consumers as required. 

Description The boiler produces high-pressure 
superheated steam which is sent to the turbine/gener¬ 
ator to create electrical energy during normal opera¬ 
tion. In order to compensate for possible variations 
in load, the steam is first sent to the HPS system. 
The HPS system typically consists of the live steam 
piping from the boiler to the HPS header, the HPS 
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Hitachi Zosen Inova Technology. Figure 40 

Feed water pump 



Hitachi Zosen Inova Technology. Figure 41 

HP steam header 


header (Fig. 41), the piping from the HPS header to the 
turbine, the piping from the HPS header to the 
air-cooled condenser via steam pressure reduction 
station of the turbine bypass, the piping from the HPS 
header to the LPS header via the steam pressure reduc¬ 
tion station (HPS/LPS), and the piping from the HPS 
header to the main and start-up air extraction vacuum 
pumps. In addition, there may be other HPS consumers 
as per plant or external steam consumer requirements. 

Low-Pressure Steam System 

General The purpose of the low-pressure steam 
(LPS) system is to deliver LPS to the in- and out-of- 
plant consumers as required. 



Hitachi Zosen Inova Technology. Figure 42 

LP steam header 

Description The LPS system is typically set at 
approx. 3-5 bars (45-75 psi) pressure. The system 
supplies steam to the feed water tank with deaerator, 
to the air preheater and possibly to external LPS con¬ 
sumers, such as a district heating system. 

If the turbine is in operation, LP steam is taken 
from the turbine extraction point to the LPS header. 
If the turbine is not in operation, the LPS is supplied 
from the HPS header via the HPS/LPS reduction 
station. The LPS system consists of an LPS header 
(Fig. 42), piping from the turbine extraction to 
the LPS header, piping from the HPS header via 
the steam pressure reduction station to the LPS 
header, and piping from the LPS header to the 
internal users. 

Condensate System 

General The purpose of the condensate system is to 
collect and treat all condensates which arise in the 
plant. The more clean condensates can be recovered, 
the less demineralized water has to be made up. 

Description The condensate system consists of 
a main condensate tank, the redundant condensate 
pumps, as well as the connection to all condensate 
sources. These are typically the main condenser via its 
condensate pumps, steam ejector condenser, as well as 
all condensate traps of the internal steam systems and 
heaters. To recover additional energy contained in the 
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condensate from HPS systems and heaters, high- 
pressure condensate is first flashed and the generated 
LPS is utilized in the plant. 

Demineralized Water System 

General The purpose of the demineralized water sys¬ 
tem is to clean the available raw water to obtain the 
required purity and chemistry required for a steam 
boiler and turbine system in order to prevent corrosion 
and equipment damage. Additional water purification 
steps maybe needed if the raw water source for the EfW 
plant is of low quality. 

Description A demineralized water system as shown 
in Fig. 43 is designed for a continuous supply of 
demineralized water for the boiler. It is designed with 
sufficient capacity and redundancy. This includes 
redundancy of all components with the exception of 
piping and storage tanks. 

The typical demineralized water system consists of 
a raw water tank, a cation exchanger, an anion 
exchanger, a regeneration unit, a neutralization unit, 
a demineralized water storage tank, and demineralized 
water pumps. 

Nitrogen Oxides (NO*) Reduction Measures 

General Nitrogen oxides (NO*, mainly consisting of 
NO and N0 2 ) reduction includes multiple measures 



Hitachi Zosen Inova Technology. Figure 43 

Demineralized waste system equipment 


with the goal to have lowest concentrations of nitrogen 
oxides in the flue gases leaving the plant. Nitrogen in 
the combustion air and even more nitrogen chemically 
bound in the waste will partially react with the oxygen 
at combustion temperatures and form NO*. 

Primary measures have the goal to minimize the 
formation of NO*. The flue gas recirculation presented 
above is a powerful means to achieve this goal. Gener¬ 
ally the reduction of the oxygen level in the flue gases 
and in particular the oxygen level achievable using flue 
gas recirculation has resulted in uncontrolled NO* level 
in Hitachi Zosen Inova’s latest plants of only about half 
the levels of plants built in the 1970s. 

Secondary measures have the goal to reduce NO* 
which has already been formed during combustion. 
The most known measures include a reaction of 
ammonia with the NO* to form nitrogen and water 
vapor. 

2NO + 2NH 3 + 0 2 -► 2N 2 + 3H 2 0 

2N0 2 A 4NH 3 T 0 2 —> 3N 2 T 6H 2 0 

This reaction can technically occur at different tem¬ 
perature ranges: 

• At high temperatures, as a spontaneous and selec¬ 
tive reaction, referred to as the selective non- 
catalytic reduction (SNCR) 

• At lower temperatures, only with the aid of 
a catalyst, referred to as the selective catalytic reduc¬ 
tion (SCR) 

Selective Non-catalytic Reduction (SNCR) 

Overview The SNCR process is based on the principle 
of injecting an ammonia-containing reagent into the 
furnace where the temperature range is between 850° C 
(1,560°F) and 950°C (1,740°F). The reagent is typically 
an aqueous ammonia or urea solution. The required 
temperature range exists in the upper part of the 
furnace (the first pass of the boiler). However, the 
actual furnace temperature at any given injection 
point may vary a lot due to typically varying 
combustion conditions on the grate caused by highly 
varying waste properties, by load changes, or by fouling 
of the boiler walls. If actual temperatures become too 
low, the reaction is not efficient any more and the 
ammonia slip at the stack is increased. If actual 
temperatures become too high, the following 




1088 Hitachi Zosen Inova Technology 


secondary reactions become significant and actually 
ammonia is decomposed or burned leading to highly 
increased reagent consumption and NO x emissions. 

4NH 3 + 50 2 —► 4NO + 6H 2 0 at high temperatures 

4NH 3 T 30 2 —> 2N 2 H - 6H 2 0 

The key of a good SNCR process is to inject the 
reagent at exactly the right temperature level and to 
mix it evenly into the flue gases. 

The Dynamic NO x Reduction (DyNOR®) System 

CFD calculations show that flue gases do not mix well 
perpendicularly to the flow direction [4]. Therefore, 
the conditions in a vertical segment of the first boiler 
pass are predominantly defined by what happens on the 
grate at the bottom of that segment. And since 
the waste is so inhomogeneous, this can mean that at 
the same location the short-term temperature changes 
can be 100°C (180°F) and more. 

The main features of the Hitachi Zosen Inova 
DyNOR® system (Fig. 44) are the following: 



Hitachi Zosen Inova Technology. Figure 44 

DyNOR® setup 


• The first boiler pass is divided into several vertical 
segments, depending on the size of the boiler. 

• Three or four injection levels are determined and on 
each level one or more injection nozzles are dedi¬ 
cated to each segment. 

• In each vertical segment, a fast infrared temperature 
sensor measures the instantaneous temperature. 

• For each vertical segment, the controller calculates 
the optimum injection level at each point in time. 

• For each vertical segment, a fast distributor directs 
the reagent and the atomizing medium without 
time lag to the nozzles closest to the optimum 
injection level. 

As with conventional SNCR systems, the configu¬ 
ration of the nozzles is important to cover the entire 
cross section of the boiler or segment and assure an 
even distribution of the reagent across the whole cross 
section. Other measures that improve the performance 
of the SNCR system are: 

• Keeping steady combustion conditions on the grate 
with a high-quality combustion control system 
automatically adjusting to the varying qualities of 
the waste incinerated (see section “Combustion 
Control System”) 

• Good distribution and mixing of secondary air and 
recirculated flue gases which level out oxygen and 
temperature profiles as achieved by a swirl flow 
pattern (see section “Flow Optimization with 
Swirl Injection”) 

• No unnecessary internals in the SNCR reaction 
zone which would disturb the flow pattern and 
therefore compromise the even distribution of 
reagent 

Selective Catalytic Reduction (SCR) 

Overview In the SCR method, the conversion of 
nitrogen oxides is assisted by a catalyst and can take 
place at temperatures between about 180-350°C 
(350-650°F). The reaction is up to typically 90% 
efficient without stoichiometric overconsumption of 
ammonia, and thus only with minimum ammonia 
slip at the stack. As a secondary benefit, dioxins and 
furans are also oxidized on the catalyst. An undesired 
secondary reaction is the conversion of S0 2 to S0 3 , 
which can then further react with ammonia to form 
solid ammonium sulfate salts which deactivate the 
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catalyst. The reaction will also happen at lower or 
higher temperatures, but secondary effects such as 
catalyst deactivation and scaling or energy efficiency 
considerations have practically led to the mentioned 
temperature range. 

At operating temperatures below about 220° C 
(430° F), the catalyst needs to be periodically 
regenerated, during operation. In order to evaporate 
possible salt deposits from the surface of the catalyst 
modules, the flue gas entering the catalyst is heated up 
to about 320°C (610°F) over a period of about 6 h. 

To implement an SCR process (Fig. 45) in an EfW 
plant, the following components are typically needed: 

Gas-Gas Heat Exchanger A gas-gas heat exchanger is 
only needed in tail-end configuration. The flue gases 
entering the catalyst have to be reheated. The most 
economic way to reheat flue gases is by cooling down 
flue gases coming from the catalyst by means of a gas- 
gas heat exchanger. This can be done by a plate or tube- 
type steel heat exchanger. An external heat source, 
preferably a steam preheater, then only has to 



Hitachi Zosen Inova Technology. Figure 45 

SCR reactor with layers, catalyst module, and element 


compensate the gas-gas heat exchanger temperature 
driving force. 

If flue gases have to be reheated after a wet scrubber, 
the cold heat exchanger surfaces have to be protected 
against corrosion. 

Steam Preheater Final preheating can be done with 
a steam-gas heat exchanger. Steam from the boiler 
steam drum is typically between 40 and 60 bar (600- 
900 psi) which allows to heat flue gases to 
a temperature of about 220-250°C (430-480°F). The 
steam/gas preheater is a self-supported, flue gas-tight, 
welded structure made up of sheet-metal sections and 
equipped with peripheral frame into which the steam 
bundles can be inserted. 

Duct Burner If steam is not available or if the flue 
gases have to be heated above the temperature range 
that is practical for a steam preheater, for example, for 
regeneration, the gas is heated with a duct burner. 

Ammonia Injection and Distribution Ammonia- 
containing gas or solution is injected into flue gas 
duct upstream of the catalyst. The turbulence 
generated in a static mixer installed downstream the 
ammonia injection assures a good distribution of the 
ammonia in the flue gas and a homogeneous velocity, 
temperature, and concentration profile. Since in the 
catalyst there is virtually no further mixing, best 
reaction efficiency and lowest ammonia slip is heavily 
dependent on the conditions prior to entering the 
catalyst. 

Catalyst Reactor The reactor is made as a self- 
supported, flue gas-tight, welded, rectangular steel 
casing with provisions to hold the catalyst modules. 
Within the reactor, the catalyst is typically arranged in 
1-3 layers and space is provided for a spare layer. 

The catalyst modules are ready-to-install steel cases 
containing the catalyst elements. Depending on the 
cross section of the reactor, a layer contains several 
modules. The height of one layer is typically 0.5-1 m 
(1.5-3 ft). Between the layers there is about 2 m space 
for access. Depending on the possible dust load in the 
flue gases, sootblowers are installed upstream of each 
layer (Fig. 45). 

Typically, a plate or honeycomb-type catalyst 
consisting of Ti0 2 (titanium dioxide) support material 
plus V 2 0 5 (vanadium pentoxide) and W0 3 (tungsten 








1090 Hitachi Zosen Inova Technology 


trioxide) active substances is used. The channel pitch of 
a typical SCR catalyst is only a few millimeters and is 
one of the important design criteria. The smaller the 
pitch the more surface there is per catalyst volume, 
however, the bigger is the risk of plugging. 

Acid Gas Removal 

General Acid gases such as hydrogen chloride, 
hydrogen fluoride, sulfur dioxide, and sulfur trioxide 
are formed when wastes containing chlorine, fluorine, 
and sulfur are burned. Removal of acid gases involves 
the use of an alkaline reagent, which reacts with the 
acid and forms a nonvolatile salt, which in most cases 
has to be disposed of. With the example of hydrated 
lime as the reagent, the following simplified reactions 
take place: 

Ca(OH) 2 + H 2 0 + S0 2 = CaS0 3 + 2H 2 0 

Ca(OH) 2 + H 2 0 + S03 = CaS0 3 + 2H 2 0 

CaS0 3 T l/20 2 = CaS 04 

Ca(OH) 2 + 2HC1 = CaCl 2 + 2H 2 0 

Ca(OH) 2 + 2HF = CaF 2 + 2H 2 0 

Ca(OH) 2 + 2HF = CaF 2 + 2H 2 0 

Ca(OH) 2 + C0 2 = CaC0 3 + H 2 0 (unwanted) 

Depending on the physical state in which the reac¬ 
tion takes place, three main types of processes are 
differentiated: 

• Wet: The flue gases are cooled down to saturation 
temperature in the process and the reaction takes 
place in an aqueous solution or slurry of the reagent. 

• Semi-wet or semidry: Semi-wet means the reagent is 
injected as an aqueous solution or slurry. Semidry 
means the reagent is injected as a dry powder, but 
is subsequently conditioned by a separate water injec¬ 
tion. However, in both cases, the water evaporates in 
the process so the reaction products are removed as 
a dry powder while the water vapor stays in the flue 
gases. The flue gas temperature is controlled in the 
process by the amount of water added. 

• Dry: The reagent is injected and the reaction prod¬ 
ucts are removed as a dry powder. Temperature 
control happens upstream of the process. 


While Hitachi Zosen Inova offers all the above 
processes and even combinations of such processes, 
the following detailed description focuses on the HZ 
Inova Semidry FGT process, which is one of the most 
efficient and widely used acid gas removal processes in 
the EfW sector. 

Description of the HZ Inova Semidry FGT Process 

Process The flue gases are brought into intensive 
contact with the reagents in a fluidized bed reactor. 
Unused reagents and reaction products entained with 
the flue gases from the reactor and collected in the 
downstream fabric filter. A large portion of the solids 
removed in the filter are recirculated and reinjected 
into the reactor in order to optimize the utilization of 
the reagents. A small amount is discharged. 

The HZ Inova Semidry FGT process (Fig. 46) has 
the following advantages: 

• Highly efficient reaction due to high turbulence and 
good mixing in the reactor and conditioning water 
addition to the reaction zone 

• High flexibility relative to load changes and con¬ 
taminant peaks due to the large amount of reagent 
in contact with the flue gas at any time 

• Optimized use of reagent due to solids recirculation 

• High availability due to simple construction and no 
moving parts 



Hitachi Zosen Inova Technology. Figure 46 

Hitachi Zosen Semidry FGT process schematic 
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Hitachi Zosen Inova Technology. Figure 47 

Temperature control loop 


Process Control The HZ Inova Semidry FGT process 
has three control loops, which regulate the process to 
achieve low emissions and minimize the consumption 
of hydrated lime. 

The first loop continuously controls the pressure 
drop across the fluidized bed and maintains fluidized 
bed level constant by adjusting the flow of recirculated 
solids. 

The second control loop controls the flue gas tem¬ 
perature at the outlet of the reactor by regulating water 
injection at the bottom of the fluidized bed (Fig. 47). 

The third loop controls the acid gas emissions at the 
stack by regulating the flow of fresh hydrated lime to 
the reactor (Fig. 48). 

The HZ Inova Semidry FGT process is automati¬ 
cally controlled by the plant DCS including sequences 
for start-up, normal shutdown, and emergency 
shutdown. 

HZ Inova Semidry Reactor The flue gas enters the 
reactor centrally from below through a venturi-type 
restriction. Therein, the flue gas velocity is high 
enough to ensure that all solids are entrained into the 
reactor or prevented from falling down against the flue 
gas flow. The fluidized bed is sustained in the reactor by 
larger particles that are kept in suspension by the 


upward flowing flue gas. Smaller particles and the flue 
gases exit the reactor laterally at top of the reactor. 
Depending on the flow pattern formed at the top of 
the reactor, a part of the solids will sink back to the bed 
along the wall where the velocities are lower. The flue 
gas has a mean residence time of approx. 3 s in the 
reactor. 

The injection ports for hydrated lime, for other 
reagents, for the recirculated solids, and for the water 
are located in the conical inlet of the reactor. 

Recirculation Conveyor In order to form a fluidized 
bed and to fully utilize the reagents, the largest part of 
the solids separated inside the fabric filter is circulated 
back to the reactor via a moving bed conveyor as 
shown in Fig. 49. Fluidizing air from special blowers 
is injected through the bottom of the conveyors. This 
ensures the steady flux and keeps the solids in 
a permanent motion thus preventing the formation of 
deposits. 

Water Injection Lance The water is injected through a 
lance with a specially developed hydraulic nozzle which 
atomizes the water to the required droplet size of about 
30-100 pm. The nozzles are equipped with an 
automatic cleaning system consisting of a rubber cap 
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Hitachi Zosen Inova Technology. Figure 48 

Emission control loop 



Hitachi Zosen Inova Technology. Figure 49 

Reagent recirculation conveyor and residue discharge 

which can be bloated periodically with pressurized air 
in order to break off possible deposits (Fig. 50). 

High-Pressure Water System Water for injection is 
supplied from the head tank via a high-pressure 
pump at about 30-40 bar (450-600 psi). An example 
of the HP water system equipment is shown in Fig. 51. 
The amount of injected water is controlled by a valve in 
the return line to the head tank. 


As long as the water does not contain solids incom¬ 
patible with the injection nozzle, any type of water can 
be injected. This is often used to safely dispose of 
contact or wash water collected during such operations. 
This allows EfW plants to be effluent free. 

Volatile Heavy Metal and Organic Component 
Removal in the HZ Inova Semidry FGT Process 

Apart from the chemical reactions between the reagent 
and the acid gases, the immense surface of the large 
amount of reagent particles also serves to adsorb other 
contaminants. In order to enhance the adsorption of 
volatile heavy metals, predominantly mercury, and vol¬ 
atile organics, such as dioxins and furans, activated 
carbon or lignite coke is also injected into the reactor. 
Only small amounts of such an additive assure, due 
to the good mixing and the high solids recirculation 
rate in the HZ Inova Semidry reactor, that most such 
contaminants are safely removed. 

Fabric Filter 

General The purpose of the fabric filter (Fig. 52) is to 
separate the ash particles in the flue gas as well as the 












































Hitachi Zosen Inova Technology 1093 



X 

Hitachi Zosen Inova Technology. Figure 50 

Water injection lance and nozzle 


reaction products from the HZ Inova Semidry reactor 
from the flue gas. 

Description The fabric filters are used for the sepa¬ 
ration of solids from gases. The separation is a physical 
process where the solids are filtered on the surface of 
a gas-permeable fabric. Due to the intensive contact of 
the flue gas and the adsorbents in the filter layer, the 
removal of pollutants from the flue gas is also further 
improved. 

The fabric filter consists of several filter chambers 
into which the total flue gas stream is divided up. Each 



Hitachi Zosen Inova Technology. Figure 51 

HP water skid 



Hitachi Zosen Inova Technology. Figure 52 

Filter chamber 

chamber can be isolated from the flue gas stream in case 
of a leakage in the filter material. The flue gases enter 
into the respective filter chamber and are deflected by 
a distributor panel to assure a uniform distribution of 
the gases through the filter and separate a large part 
of the solids carried with the flue gas. The gases flow 
around the outside of an array of the filter bags 
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suspended in the chamber. Then they pass through the 
filter media, which are supported on a wire cage, and 
are collected from the inside of the filter bags through 
the top of the filter chamber into a common clean gas 
duct. 

Due to the flow characteristics induced by the 
chamber geometry as well as the pressure drop, the 
flue gas passes uniformly through the filter bags. This 
causes a uniform deposition of the solids on the outside 
of each individual filter bag. These need to be cleaned 
when solids layer on the bags becomes too thick and 
the pressure drop across the filter becomes too large 
(Fig. 53). This happens in an automated process. 
The solids are purged by suddenly inflating the bags 
with pulses of compressed air from the clean gas side. 
The filter bags are inflated for a short time which breaks 
off the solid layer on the outside. These fall down into 
the hoppers below the filter bags, from where they are 
transported away by the recirculation conveyor. 
The hoppers of the fabric filter can be isolated from 
the pneumatic conveyors by means of manually oper¬ 
ated slide gate valves. 

The cleaning air is supplied via compressed air 
reservoirs (one per filter chamber). From there it is 
distributed by a series of nozzle lances to each row of 
filter bags. 

The fabric filter is equipped with differential 
pressure, temperature, and level-measuring instru¬ 
ments. The devices assure the supervision of the 
filter operation and the detection of possible 
malfunctions. 

On top of the clean gas chamber, there is an acces¬ 
sible platform with complete enclosure - the filter 
penthouse. It is dimensioned such that there is enough 
room to install and remove bags from the fabric filter 
via walk-in plenum to the clean gas chamber. 

In order to prevent deposits of and corrosion by the 
hygroscopic and corrosive reaction products at cold 
temperatures, the fabric filter hoppers are heated with 
electric heaters during start-up and shutdown. 

Additive Systems 

General The purpose of the additive feed system as 
shown in Fig. 54 is to store and transport additive 
(reagents and sorbents) to the HZ Inova Semidry 
reactor. 



Hitachi Zosen Inova Technology. Figure 53 

Filter bag during operation and cleaning 

Reagent System (Hydrated Lime) The reagent silo 
typically contains a few days’ to a weeks’ supply. The 
discharge from the silo is ensured by a mechanical 
discharge and dosing system. Then the hydrated 
lime is conveyed to the reactor pneumatically and 
injected as dry powder together with the transport air 
directly into the HZ Inova Semidry reactor. Solids 
dosing and transport systems are preferably designed 
redundant since they assure compliance with the plant’s 
emission limits. 
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Hitachi Zosen Inova Technology. Figure 54 

Reagent and residue silos 


The concentrations before and after the flue gas treat¬ 
ment system of the lead acid gas component are used to 
control the flow of hydrated lime. The hydrated lime 
dosing and transport system is dimensioned such that 
also expected peaks of pollutants can be safely treated. 

Sorbent System (Activated Carbon) The sorbent 
storage can be a silo or a big bag, depending on the 
size of the plant. It typically contains a few days’ to 
a weeks’ supply. The discharge from the storage is 
ensured by a mechanical discharge and dosing system. 
Then the activated carbon is conveyed to the reactor 
pneumatically and injected as dry powder together 
with the transport air directly into the HZ Inova Semi¬ 
dry reactor. Solids dosing and transport systems are 



Hitachi Zosen Inova Technology. Figure 55 

ID-fan with thermal and noise insulation 


preferably designed redundant since they assure com¬ 
pliance with the plant’s emission limits. 

The amount of activated carbon to be injected into 
the reactor depends on the expected concentrations of 
volatile organics (dioxins/furans) as well as volatile 
heavy metals (mercury). The quantity of activated car¬ 
bon per volume of flue gas is set during commissioning 
and annual emission testing. 

Induced Draft Fan 

General The purpose of the induced draff fan 
(ID-fan, Fig. 55) is to maintain a negative draff in the 
combustion chamber and flue gas cleaning system and 
then to push the flue gas through the stack. 

Description The ID-fan is controlled to keep the 
furnace pressure constantly a little below 
atmospheric. Since the ID-fan is the largest electrical 
consumer in the plant, this is done by means of 
a variable speed drive which gives the best energy effi¬ 
ciency for this task. 

The fan is equipped with openings for inspection 
and cleaning purposes. The fan and its drive are 
mounted on a common concrete frame structure 
designed to absorb and dampen vibrations. Bearing 
temperature and vibrations are constantly monitored. 

Emissions: Continuous Emission Monitoring System 

General The purpose of the continuous emission 
monitoring system (CEMS) is to monitor purity 
of the flue gas exiting the stack and to provide 
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signals to the various control loops of the air pollution of typical values achieved in various Hitachi Zosen 
control systems. Inova plants (Table 1). 

While all legal emission limits can be safely kept, it 
Flue Gas Quality The following table shows Euro- is also possible to design plants which lead to substan- 
pean and US standard emission limits as well as a range tially lower emissions as required by the referenced 


Hitachi Zosen Inova Technology. Table 1 Typical Emission Limits and Hitachi Zosen Inova EfW Plant emission data 



EU 

USA 

Hitachi Zosen 
IN OVA 


(1) (3) 

(2) 

(D 

(2) (4) 

(1) (13) 

(2) (13) 

CO 

50 mg/Nm 3 

56 ppmv 

89 mg/Nm 3 

100 ppmv 

10-50 

11-56 

TOC (5) 

10 mg/Nm 3 

13 mg/scm 

- 

- 

1-10 

1.3-13 

Particulate 

10 mg/Nm 3 

13 mg/scm 

15 mg/Nm 3 

20 mg/scm 

1-10 

1.3-13 

HCI (6) 

10 mg/Nm 3 

8.6 ppmv 

29 mg/Nm 3 

25 ppmv 

1-10 

1.3-13 

HF 

1 mg/Nm 3 

0.9 ppmv 

- 

- 

0.1-1 

0.09-0.9 

S0 2 (7) 

50 mg/Nm 3 

24.5 ppmv 

61 mg/Nm 3 

30 ppmv 

5-50 

2.5-24.5 

NO x as N0 2 (8) 

200 mg/Nm 3 

136 ppmv 

220 mg/Nm 3 

150 ppmv 

40-200 

27-136 

NH 3 (8) 

10 mg/Nm 3 

18.5 ppmv 

- 

- 

1-10 

1.8-18 

Hg (9) 

0.05 mg/Nm 3 

0.065 mg/scm 

0.038 mg/Nm 3 

0.05 mg/scm 

<0.038 

<0.05 

Cd (+TI) (10) 

0.05 mg/Nm 3 

0.065 mg/scm 

0.008 mg/Nm 3 

0.01 mg/scm 

<0.008 

<0.01 

Pb (+HM) (11) 

0.5 mg/Nm 3 

0.65 mg/scm 

0.107 mg/Nm 3 

0.14 mg/scm 

<0.1 

<0.14 

PCDD + PCDF 

0.1 ng/Nm 3 TEQ 


0.1 ng/Nm 3 TEQ 

13 ng/scm 12 

0.01-0.1 

1-10 


(1) European emission values are daily average values or average values over a sampling period based on 11% 0 2 in dry flue gas 
standardized at 273K and 101.3 kPa 

(2) US emission values are based on 7% 0 2 in dry flue gas standardized at 

(3) As per EU Directive 2000/76/EC [5] 

(4) As per EPA Title 40 Part 60, Subpart Eb [6] 

(5) Total organic carbon (TOC) 

(6) While the EU value is absolute, the US value can be exceeded if the removal efficiency is at least 95% 

(7) While the EU value is absolute, the US value can be exceeded if the removal efficiency is at least 80% 

(8) Local air permits in the USA often reduce NO x and introduce NH 3 emission limits, specially in non-attainment zones 

(9) While the EU value is absolute, the US value can be exceeded if the removal efficiency is at least 85% 

(10) The EU value includes the sum of Cd + Tl, the US value only Cd, which is however by far the largest portion of the sum 

(11) The EU value includes the sum of the following heavy metals Sb + As + Pb + Cr + Co + Cu + Mn + Ni + V, the US value is only for Pb, 
which is one of the larger portions of the sum 

(12) The EU value is based on a toxic equivalence concept which calculates a weighted sum of all different PCDD and PDCF isomers is 
calculated. The US value uses the sum of all isomers without weighing. For typical mixtures of PCDD and PCDF isomers present in flue 
gases of EfW plants, these emission limits are similar 

(13) Same units as used in preceding columns 
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national limits. However, this is often a factor of the 
waste composition and of the complexity of the air 
pollution control equipment - thus of the cost which 
a region is ready to spend for responsible waste 
treatment. 

Description of the CEMS A separate CEMS moni¬ 
tors the flue gas properties and composition at the 
stack for each incineration line. Each system mainly 
consists of: 

• Temperature, pressure, and flow rate measurement 

• Particulate measurement 

• Complete extractive gas analyzer for concentration 
measurement of typically the following flue gas com¬ 
ponents: H 2 0, 0 2 , CO, HC1, S0 2 , N O x , NH 3 , VOC. 

• Computer-based data evaluation and storage 
system 

The instruments are directly installed on either the 
discharge ductwork between the ID-fan and stack or 
the stack. The flue gas is extracted through a heated 
extraction line and conveyed to the analytical instru¬ 
ments installed in the CEMS container. 

The emission measurement system is designed to 
meet the particular requirements of the operating per¬ 
mit for the plant. It complies with the applicable direc¬ 
tives for installation and quality assurance and has the 
possibility to generate direct reports for the supervising 
Environmental Protection Agency. 

Stack 

General The purpose of the stack is to expel the clean 
flue gases to the atmosphere at a high enough point to 
ensure adequate dispersion (Fig. 56). 

Description The cleaned flue gases enter the stack 
with a temperature of about 150°C (300°F). In multiple 
train plants, all flues can be integrated into the same 
stack structure. The internal flues are made of steel 
for flue gases above typically 130°C (270°F) or of 
fiber-reinforced plastic below. The flues are thermally 
insulated to avoid excessive condensation along the 
walls. The stack support structure can be steel or 
concrete. 

Underneath the flue gas inlet to the stack, con¬ 
densed water vapor or rain water is collected on an 



Hitachi Zosen Inova Technology. Figure 56 

Stack with individual support of single flues (Moerdijk, the 
Netherlands) 

inclined stack base plate and discharged via a conden¬ 
sate discharge line. The condensate discharge is drained 
into the contact water storage. 

The stack includes a safety ladder to a maintenance 
and work platform at the top of the stack from where 
the flues can be monitored and the lightning protection 
and air traffic lighting systems can be maintained. 
Depending on the location of emission monitoring 
nozzles an additional platform may be located in the 
middle of the stack. 

Since the stack is normally the most visible part of 
an EfW plant, there are ideas how a stack could be 
converted to a landmark, for example in Fig. 57. 

Future Directions 

The EfW (or WTE) technology described above has 
been shown to be reliable, efficient, and proven: 

• Reliable means that a large number of plant owners 
operate their Hitachi Zosen Inova plants in the 
range of 7,900-8,300 h per year, which corresponds 
to 90-95% availability. 

• Efficient means that all national emission limits can 
be met, sometimes with a considerable margin. 
It also means that energy can be efficiently recov¬ 
ered in the form of electricity and/or heat meeting 
or exceeding the relevant energy efficiency 
standards [7]. 
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Hitachi Zosen Inova Technology. Figure 57 

Stack with combined support of flues and architectural 

treatment (Osaka, Japan) 

• Proven means that this technology has been devel¬ 
oped and has matured with the over 500 reference 
plants built worldwide since the 1930s. 

It is evident that the Hitachi Zosen Inova technol¬ 
ogy is mature. Technical developments concentrate 

mainly on the following areas: 

• Increase energy efficiency and electricity produc¬ 
tion og EfW plants 

• Improve the automated control of the EfW plants in 
order to further increase average plant capacity and 
availability. 

• Improve monitoring of plant components in order 
to allow operators to track the plant efficiency and 
better plan preventive maintenance actions. 

• Further improve stack emission limits. 

• Further improve bottom ash quality and recycling 
options for bottom ash (recovery of valuable 


resources such as copper, aluminium, brass and 
other metals). 

However, since EfW technology in many areas still 
commercially competes with relatively cheap landfilling 
or is not available for large economic areas, one goal of 
development is always concentrated on plant economics: 

• Achieve the same performance with less and sim¬ 
pler equipment 

• Find less-expensive materials of construction, in 
terms of investment and maintenance cost 

• Further improve the operation flexibility and avail¬ 
ability of the plant thus reducing O&M cost 

Fast but not least, the goal must be to do all that is 
necessary to make EfW plants politically acceptable and 
a part of the infrastructure in the densely populated 
areas. Wastes are created and energy is needed where 
the people live. EfW plants are an essential part needed 
to close the loop of the material cycle [3]. Whatever 
cannot be reused or recycled can be efficiently treated 
for energy recovery in an EfW plant. An excellent 
example is the Isseane EfW plant that started opera¬ 
tions in 2008 in France: 

• It is located in the middle of the Paris metropolitan 
area about 5 km (3 miles) from the Eiffel Tower 
along the river Seine. 

• It is an integrated part of the city’s recycling activ¬ 
ities and contains a plastics sorting and recycling 
facility. 

• It serves a population of about one million 
people all living within a short distance from the 
plant. 

• It provides electricity to the national electrical grid. 

• It provides heat to the city’s district heating system. 

• However, both electricity and heat are consumed in 
the vicinity of the plant. This concept helps reduce 
the need for long-distant transport of energy and 
the associated complexity of energy distribution. 

• The EfW plant was designed to fit architecturally 
into the neighborhood and, in fact, may not even be 
recognized as an EfW plant. 

Although the total cost of the Isseane EfW plant 
(Fig. 58) is on the high side compared to other modern 
EfW plants, it is an excellent example of sustainability 
within the material and energy cycles. Research and 
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Hitachi Zosen Inova Technology. Figure 58 

Isseane energy-from-waste plant, Paris, France 


development is focusing on all aspects needed to make 
such a concept available to more and more 
highly populated areas. This includes emissions and archi¬ 
tecture to increase acceptability to the public as well as 
efficiency, reliability, and total cost in order to increase its 
affordability to communities in developing nations. 
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Glossary 

Biohydrogen Hydrogen derived from biomass. 
Biological biohydrogen generation Production of 
hydrogen based on a biological resp. biochemical 
conversion of biomass. 

Biomass From a scientific and technical point of 
view, biomass is defined as material of biological 
origin excluding material embedded in geological 
formations and/or transformed to fossil. 
Thermochemical biohydrogen generation Produc¬ 
tion of hydrogen based on a heat-induced resp. 
thermochemical conversion of biomass. 

Definition of the Subject and Its Importance 

Today, there is no disputing that the use of renewable 
energy has to be increased in order to reduce anthro¬ 
pogenic C0 2 emission as well as the dependence on 
the fossil fuels. Approximately 95% of the hydrogen 
produced today comes from carbonaceous raw mate¬ 
rial, but primarily with a fossil resource as original 


energy source. Only a fraction of this hydrogen is 
currently used for energy purposes; the bulk serves as 
feedstock for manifold purposes, e.g., in the 
petrochemical industry as well as for food, electronics, 
and metallurgical processing. However, the share of 
hydrogen in the energy market is increasing, 
and hydrogen production will need to keep pace with 
this growing market [1]. In this sense, this paper 
summarizes the state of the art of the most important 
processes, techniques, and research activities in 
the field of hydrogen production using biomass 
resources. 

Introduction 

Hydrogen (H 2 ) is a secondary energy carrier that has to 
be produced from other energy carriers. A more and 
more discussed option for H 2 production is the use of 
biomass. It may be carried out either by biological 
or thermochemical processes. The characteristics of 
thermochemical H 2 production differ significantly 
from those of biological processes. The differences 
cover the feedstock basis as well as the reaction 
chemistry, the plant design, and the plant scales. 

In the case of biological H 2 production, H 2 may be 
produced as a photosynthesis product (e.g., by 
microalgae). A second option is the use of fermentative 
microbiological degradation pathways, where H 2 
occurs as metabolism product. Both pathways are still 
in the research scale. 

Thermochemical biomass processes, such as 
combustion, pyrolysis, and gasification, are applied to 
produce different forms of energy carriers and 
chemicals. From those basic processes, gasification 
complies best with the requirements for the production 
of H 2 . However, none of the present biomass gasifier 
designs is a genuine H 2 supplier: the product gas needs 
sophisticated posttreatment techniques to achieve both 
high H 2 yield and a sufficient H 2 purity. 

Within the following explanations, these two 
hydrogen provision routes are discussed in detail. 

Biological Hydrogen Production 

Biological hydrogen production can be carried out by 
a wide variety of different organisms [2] . The biological 
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processes differ according to the essential boundary 
conditions. Below, the process principles as well as 
some examples are discussed. 

Process Principles 

An overview about different biohydrogen production 
methods is given in Table 1. Biohydrogen production 
by photolysis and dark fermentation and photofer¬ 
mentation are described and discussed below. 

Photolysis Hydrogen production by the microalgae 
(i.e., Chlamydomonas reinhardtii) has been studied 
intensively in the recent years. This algae use the direct 
photolysis pathway to produce hydrogen out of water, if 
the microorganisms are stressed by lack of sulfur. Under 
these conditions, the algae produce hydrogen and oxy¬ 
gen but cannot grow. By this reason, a second stage with 
optimal conditions for the growth of the algae is neces¬ 
sary. Therefore, carbon dioxide is needed to build 
organic compounds like carbohydrates by photosynthe¬ 
sis. Additionally, by this pathway, hydrogen and oxygen 
are produced simultaneously, and the produced oxygen 
inhibits the enzyme hydrogenase, which is involved in 
the process. The color of the photosystems of the algae 
and phototrophic bacteria limits the dimension of the 
reactor because the penetration of light is reduced by the 
microorganisms itself [12]. For this reason, different 
reactor types are designed, for example, tubular or flat 
panels with a diameter or depth respectively of 10 cm at 


maximum [5] . Most of the experiments are done in lab 
scale by using artificial light. An advantage of this 
process is the clean energy production, because only 
hydrogen and oxygen are produced by this process. 

However, the development of photobiological algae 
systems for biohydrogen production is still fundamen¬ 
tal research. Due to the fact that the produced hydrogen 
yield per lightened area is very low - 1.5% based on 
a full solar spectrum [4] - further investigations are 
necessary to develop economic, viable, large-scale 
applications. Via genetic modification and cloning of 
the microorganisms, higher yields maybe achieved [5]. 
Apart from that, H 2 and 0 2 are produced simulta¬ 
neously, which requires careful handling. 

In contrast to the direct photolysis, it is possible 
during indirect photolysis to separate the oxygen 
formation by photosynthesis from hydrogen production 
in either time or space; this process is divided in three 
steps (Table 1). First, the photosynthesis takes place. In 
this step, C0 2 is needed, and oxygen is produced. 
Biochemical reaction of dark fermentation and 
photofermentation takes place in the second and 
third steps. This avoids the inhibition of the enzyme 
by oxygen. Still, the overall efficiency of the process is 
low like direct photolysis [4]. 

Dark Fermentation Dark fermentation is based on 
anaerobic degradation pathway, which is currently 
used for methane production with different biomass 


Hydrogen from Biomass. Table 1 Possible biochemical reactions of biological hydrogen production processes [3] 


Process 

Biochemical reaction 

Boundary conditions 

Direct photolysis 

2H 2 0 + light -► 2H 2 + 0 2 

E.g., green algae in pure cultures, sterile 
conditions, lack of sulfur inhibition of the 
enzyme Fe-hydrogenase by oxygen 

Indirect photolysis 

12H 2 0 + 6C0 2 + light -*■ C 6 H 12 0 6 + 60 2 

Photoautotrophic bacteria, e. g.. 


C 6 H 12 0 6 + 2H 2 0 -+ 4H 2 + 2 CH 3 COOH + 2C0 2 

Cyanobacteria in pure culture, sterile 
conditions, enzymes: hydrogenase 


2 CH 3 COOH + 4H 2 0 + light -» 8 H 2 + 4C0 2 

Dark fermentation 

Biomass + H 2 0 —> H 2 + C0 2 + VFA (e.g., acetic acid) 

Exclusion of methane-producing bacteria, 
mixed culture generated from different origin 

Photofermentation 

CH 3 COOH + 2H 2 0 + light 4H 2 + 2C0 2 

Photoheterotrophic bacteria (e.g., purple 
bacteria), enzyme nitrogenase, lack of 
nitrogen 
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as feedstock. The biological process is divided in four 
steps. Depending on the composition of the biomass, 
different degradation pathways are used, and different 
microorganisms are involved. In steps 2 and 3, hydrogen 
is produced as an intermediate in several degradation 
pathways by a variety of microbes. In a conventional anaer¬ 
obic digestion, this hydrogen is transformed into methane 
by methanogenic bacteria in the fourth step. The degrada¬ 
tion pathways during anaerobic digestion depending on 
the composition of feedstock are shown schematically in 
Fig. 1. There, the biomass is divided in fats, carbohy¬ 
drates, and proteins because the anaerobic degradation 
pathway depends on the structure of molecules. 

If the hydrogen consumption is stopped by 
elimination of the hydrogen-consuming microorgan¬ 
isms (i.e., the methanogenic bacteria), hydrolysis gas 
accrue, which consist mainly of hydrogen and carbon 
dioxide. The methanogenic microorganisms might be 
eliminated by heat treatment of the start culture, for 
example, digested sludge [6, 7], or by using a seed 
material without strict anaerobic hydrogen-consuming 
bacterial-like compost or soil [3, 8] or pure stains of 
hydrogen-producing bacteria [4]. 

An opportunity to prohibit the hydrogen consump¬ 
tion by using a mixed culture out of digested sludge is 
to optimize the applied condition for hydrogen 
production and suppress hydrogen consumption. 
This is possible because methane is generated at a pH 
value between 6.0 and 8.0, whereas the hydrolytic and 
acidogenic bacteria prefer pH value between 4.5 and 6.0 
for the degradation of carbohydrates. Nevertheless, the 
generation time of the methane-producing bacteria is 
within 2-7 days, much higher than the generation time 
of hydrogen-producing bacteria. Due to the fact that the 
generation time of carbohydrate-degrading acidogenic 
bacteria is only 30 min at optimal conditions, the 
hydraulic retention time (HRT) might be shorter. In 
contrast to the hydrogen-producing bacteria, the meth¬ 
ane bacteria cannot accumulate in the reactor at 
a hydraulic retention time less than 48 h. These facts 
indicate as well that carbohydrates are most suitable for 
the dark fermentation process by using mixed cultures, 
which are generated out of digested sludge. 

The process might be driven in the mesophilic 
[3, 7], thermophilic [6], or hyperthermophilic temper¬ 
ature range. Every temperature has its own advantages 
and disadvantages. 


The extreme thermophilic anaerobic bacteria pro¬ 
vide the highest hydrogen yields, reaching almost 
a maximum of 4.0 mol H 2 /mol of glucose by using 
pure stains. Using pure cultures implicates that the 
feedstock has to be sterilized to avoid an accumulation 
of other microorganisms in the reactor. Additionally, 
the energy demand of the process is higher than at 
lower temperatures. The above-mentioned hydrogen 
yield of 4.0 mol H 2 /mol glucose (this corresponds 
with 498.38 Nl H 2 /kg glucose) is only reached if the 
combination of feed (different kinds of sugar) and 
microorganisms is optimal [4, 10, 11]. That implicates 
that a small change of feedstock (e.g., hexose instead of 
glucose) results in less efficiency of the plant. For this 
reason, a pretreatment step for the conversion of more 
complex biomass to simple sugars is necessary, which 
reduce the efficiency of the plant as well. 

Hence, with the diversity in a mixed culture of strict 
anaerobic bacteria like Clostridia and facultative anaer¬ 
obic hydrogen-producing bacteria, a variety of biomass 
can be converted to hydrogen. This process may be 
realized in the mesophilic or thermophilic temperature 
range. Due to the less energy demand, better stability of 
the process and approximately the same hydrogen 
yields [3], the mesophilic temperature range seems to 
be most promising for a technical application with 
a mixed bacteria culture as seed material and biowaste 
as feedstock in short term. 

Beside the hydrogen yield (given in Nl hydrogen 
per kg of substrate), the gas and especially the hydrogen 
production rate is important for a technical applica¬ 
tion. Due to the fact that the bacteria density has to be 
low as well as the organic concentration in the influent, 
only the reduction of hydraulic retention times (HRT) 
provides an increase of hydrogen production rate. 
Hence, different reactor types were used. Continuous 
stirred-tank reactor (CSTR) is the easiest technique, 
which is similar to the used technique in wet anaerobic 
digestion. But the hydraulic retention has to be higher 
than the generation time of the microorganisms to 
provide an accumulation of these bacteria. Therefore, 
the hydraulic retention time has to be higher than 12 h. 

A disadvantage of dark fermentation is the inhibition 
by its end product hydrogen. This is caused by biochem¬ 
ical equilibrium and thermodynamics of reactions. 
Figure 2 shows the energy yield of different reactions 
based on the hydrogen partial pressure, which affects the 
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Degradation pathway during anaerobic digestion 


solubility of hydrogen in the liquids. Only if the hydro¬ 
gen partial pressure is less than 0.1 bar will the conver¬ 
sion of organic acids to hydrogen become exothermic. 

To provide these conditions, the produced hydro¬ 
gen has to be removed from the system continuously. 
This can be done by: 


• Purging with nitrogen or another inert gas 

• Stirring with a high frequency 

The purging with inert gas results in an increase of 
gas production. In parallel, the hydrogen concentration 
within the produced gas is decreasing, and therefore, an 
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log pH 2 [atm]; [bar] 
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—X— CH4 (acetat) 

— • - butyrat-oxidation 

(2HAC+2H2) 

—I— propionat-oxidation 
(1 HAc+1 C02+3H2) 

- -x- - ethanol-oxidation 

(1HAC+2H2) 

acetat-oxidation 

(2C02+4H2) 

-A- CH4(H2/C0 2 ) 

-- - H2S 


Hydrogen from Biomass. Figure 2 

Energy yield of reactions dependent on hydrogen partial pressure 


upgrading before the use (e.g., in a fuel cell) is 
necessary. 

In general, hydrogen production by dark fermenta¬ 
tion is restricted by the incomplete degradation of 
organic matter into volatile fatty acids, hydrogen, 
and carbon dioxide. Consequently, a further conver¬ 
sion of the liquid residues into an energy carrier is 
necessary. 

Photofermentation Photofermentation is driven 
by photoheterotrophic microorganisms, like purple 
bacteria (i.e., different strains of Rhodobacter). 
These bacteria are unable to split water. However, 
under anaerobic condition, these bacteria are able to 
degrade simple organic components like volatile fatty 
acids and alcohols into hydrogen and carbon dioxide 
under nitrogen-limited circumstances. The catalyst of 
the process is nitrogenase, which is sensitive to oxygen 
like hydrogenase. There are certainly no problems 
because no oxygen is produced. Normally, this enzyme 
catalyzed the fixation of molecular nitrogen (N 2 ) 
to ammonia NH 3 , which is needed by the bacteria to 
grow. In absence of nitrogen, the enzyme is able 
to catalyze the evolution of hydrogen. The produced 
gas consists of hydrogen (80-90% (v/v)) and carbon 
dioxide (10-20% (v/v)) [4, 5]. 

The process depends on light. So, the reactor needs 
a high surface-to-volume ratio like the direct and indi¬ 
rect photolysis. By using sunlight, the increase of tem¬ 
perature has to be taken into account to prevent the 
system from damage by high temperature. 


The above-mentioned limitation to convert only 
organic acids and alcohols by using of light as an energy 
source makes it a possible second treatment step after 
dark fermentation. 

Comparison So far, all biohydrogen production tech¬ 
nologies have been tested in lab scale. The feasibility of 
a technical implementation for hydrogen-producing 
photosystems is currently restricted by space require¬ 
ments [12]. Additionally, the surface-to-volume ratio 
is restricted by the penetration of light into the reactor. 
Table 2 shows a comparison of required dimensions 
of bioreactors to produce enough gas to power a PEM 
fuel cell. 

Up to now, very few technical and economic studies 
for biological hydrogen production systems have been 
carried out [4, 5, 13]. 

Regarding space requirements, no algae photosystem 
provides a sufficient amount of hydrogen in relation to 
the necessary reactor size. Without intensive further 
research and development of the methods, a technical 
realization in the large scale seems to be impossible within 
the next decade. Additionally, most of the photosystems 
work with pure strains of microorganisms and lack of 
nutrients (sulfur or nitrogen). Therefore, antiseptic tech¬ 
niques are needed to avoid an accumulation of other 
bacteria or yeast. Furthermore, circumstances in respect 
to nutrient limitations have to be taken into account. 

Although the process of biohydrogen production 
by dark fermentation has been investigated very inten¬ 
sively during the last decade, there are still a lot of open 
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Hydrogen from Biomass. Table 2 Size of bioreactor required to power PEM fuel cells 0 


System 

Size of bioreactor (m 3 ) required to power a PEM fuel cell of 

1.0 kw 

1.5 kW 

2.5 kW 

5.0 kW 

Direct photolysis 

341 

512 

856 

1,710 

Indirect photolysis 

67.3 

101 

169 

337 

Photofermentation 

149 

224 

374 

758 

Dark fermentation min. 

0.198 

0.297 

0.495 

0.989 

Dark fermentation max. 

2.91 

4.38 

7.31 

14.62 



Hydrogen from Biomass. Figure 3 

Biological-based biomass to hydrogen concepts 


questions. Most of the research has been carried out in 
batch test systems, just small continuous systems have 
been operated yet. The reactor dimensions usually do 
not exceed a working volume of a few liters. Addition¬ 
ally, the dark fermentation is an incomplete degrada¬ 
tion of organic matter with volatile fatty acids in the 
liquid phase. Consequently, the dark and photofer¬ 
mentation are promising processes. In case of dark 
fermentation, a second treatment step is necessary. In 
case of photofermentation, a pretreatment step is 
required. 

Biomass to Hydrogen Systems 

A complete biological conversion into hydrogen and 
carbon can only be realized by a combined multistage 
treatment (e.g., dark fermentation as the first stage and 
conversion of the produced volatile fatty acids into 
hydrogen by photofermentative microorganisms as 


the second stage [4]). For implementation, even com¬ 
bined dark fermentation/methane fermentation plants 
or a material utilization of the reactor effluent is 
conceivable. 

With conventional anaerobic digestion, an energy 
carrier in form of biomethane is already established. 
Therefore, methane fermentation combined with steam 
reforming will lead to energy losses by the hydrogen 
production step. Hence, it should be carefully considered 
whether methane could be used directly for energy gen¬ 
eration, e.g., in a suitable fuel cell (MCFC, SOFC) or in 
the mobility sector (gas upgrading to natural gas quality). 

Below, some examples of combined systems are 
discussed in detail (Fig. 3). 

Combination of Dark Fermentation and Photofer¬ 
mentation The combined dark fermentation and 
photofermentation process connects two new 
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Scheme of combined dark and photofermentation [9] (simplified) 


technologies with high research requirements because 
they have only been realized in lab scale and not in pilot 
or technical scale yet. This will cause additional prob¬ 
lems for technical implementation [9]. Figure 4 shows 
a scheme of the combined dark and photofermentation 
system. 

Caused by the specific microorganisms and to 
increase the conversion of biomass to hydrogen during 
dark fermentation with pure bacteria strains, 
a pretreatment step is used. Here, hydrolytic bacteria 
and/or addition of chemicals should degrade a variety 
of biomass (especially carbohydrates) to simple mole¬ 
cules. The thermophilic temperature range is supplied 
by heating the system. This process operates with 
specific anaerobic bacteria specialized to degrade only 
different kinds of sugar or starch to H 2 , C0 2 , and 
organic acids. The thermophilic temperature in this 
stage provides sanitation and decreases the competi¬ 
tion with other microorganisms. Additionally, 
chemicals are used in this stage for nutrient supply 
and pH stabilization. The effluent contains mainly 
volatile fatty acids and alcohols dissolved in 
water. This effluent is pumped in photobioreactor. 
Here, the light-dependent photofermentation takes 
place. The biochemical reactions in this combined 
system, except the biomass pretreatment, are shown 
in Table 3. 

Combined Dark and Methane Fermentation 

Hydrogen yields of 4 mol/mol glucose (Eq. 1) at 


Hydrogen from Biomass. Table 3 Biochemical reactions 
for the combination of dark and photofermentation with 
glucose as substrate 


Substrate 

First reactor 
(dark 

fermentation) 

Second reactor 
(photofermentation) 

c 6 H 12 o 6 + 

2 H 2 0 ^ 

2CH 3 COOH + 
2C0 2 + 4H 2 [3,4] 

8 H 2 + 4 C0 2 [14] 

2 CH 3 C 00 H + 
4H 2 0 + Light—^ 


maximum are possible by dark fermentation with 
only 2 mol acetates as by-product [2, 15]. If only 
butyric acid occurs as by-product, the hydrogen yield 
decreases to 2 mol/mol glucose (Eq. 2) [15]. Typically, 
the end product of dark fermentation by using mixed 
microflora is a mix of different volatile fatty acids like 
acetic and butyric acid [7, 16]. Accordingly, the 
biochemical possible hydrogen yield is 2.5 mol/mol 
glucose (Eq. 3). 

If the liquid effluent of the H 2 reactor is used as 
carbon source in a methane reactor, the organic acids 
become degraded to C0 2 and CH 4 . The theoretical 
methane yield that can be generated depends on the 
liquid products of the hydrogen stage. If the 
acidogenesis takes place in the first reactor, only 
acetic acids would be transferred into the methane 
reactor, and only these acids would be converted 
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Combined biological hydrogen and methane production out of biomass 


Hydrogen from Biomass. Table 4 Biochemical equation for the combined biological hydrogen and methane production 
with glucose as energy source 



Substrate 

First reactor (H 2 ) 

Second reactor (CH 4 ) 

Eq- 1 

C 6 H 12 0 6 + 2 H 2 0—> 

2CH 3 COOH + 2C0 2 + 4H 2 [2, 15] 




2CH 3 COOH^ 

2CH 4 + 2C0 2 

Eq.2 

2 C 6 H 12 0 6 ^ 

2C 3 H 7 COOH + 4C0 2 + 4H 2 [17] 




2C 3 H 7 COOH + 2H 2 0^ 

5CH 4 + 3C0 2 

Eq.3 

8 C 6 H 12 0 6 + 4 H 2 0—> 

4CH 3 COOH + 6C 3 H 7 COOH + 16C0 2 + 20H 2 [7, 16] 




4CH 3 COOH + 6C 3 H 7 COOH + 6H 2 0^ 

19CH 4 +13C0 2 

Eq. 4 

QH 12 o 6 —► 


3CH 4 + 3C0 2 


into CH 4 and C0 2 . This case is signed by line 2 in Fig. 5. 
Line 1 indicates that only the hydrolysis and 
acetogenesis take place in the first reactor. If so, the 
hydrogen yield decreases, and the methane yield 
increases according to Eq. 2 and Eq. 3. The stoichiom¬ 
etries of some possible biochemical reactions for the 
combined hydrogen and methane production with glu¬ 
cose as carbon source are given in Table 4. The chemical 
equation for the optimal degradation of glucose by 
a conventional fermentation (Eq. 4) is also given in 
this table. 

An engineered approach towards a technical system 
has not been made yet. However, up to now, the 
combined hydrogen/methane fermentation system 
offers the highest realization potential regarding the 
biological hydrogen production methods. This is due 
to the fact that only one pretreatment module has to be 
implemented in a proved technology. 


Hydrogen Production by Solid Biomass 
Gasification 

Thermochemical hydrogen production can be carried 
out by a wide variety of different processes. Below, 
the basic principles as well as some examples are 
discussed. 

Process Principles 

Generally, gasification is a thermochemical process that 
converts a carbon-containing substance, here lignocel- 
lulosic biomass, by partial oxidation into a fuel gas. 
A gasification agent (i.e., air, oxygen, or steam) 
provides the required oxygen. While air gasification 
generates a low-calorific-value gas suitable for power 
generation, oxygen and steam gasification lead to 
a medium-calorific-value gas, referred to as syngas. 
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Syngas is suitable for the production of energy carrier 
such as H 2 , methane, and liquid hydrocarbons. 

The overall gasification reaction for biomass may be 
expressed after Eq. 5. 

Biomass T H 2 0 T - 0 2 —» H 2 -K CO T C0 2 
+ CH 4 + hydrocarbons + char 

The heat of reaction (AH R ) is positive for steam 
gasification (endothermic reaction) and negative for 
oxygen gasification (exothermic reaction). Reaction 
stoichiometry favors steam as gasification agent for 
a maximum H 2 output, but pure steam gasification 
requires an external heat supply adding up to 
a concept called allothermal steam gasification. At 
first glance, oxygen gasification is comparatively less 
attractive for H 2 production since less H (in form of 
steam) enters the gasifier. But other aspects have to be 
considered that prohibit such a simple conclusion: 

• Oxygen gasification achieves higher temperatures 
enabling higher carbon-to-gas ratios. 

• Autothermal operation is advantageous for overall 
process efficiency since heat transfer losses are 
smaller. 

• Steam addition in downstream processing may 
balance the initial lower H content. 

Biomass gasification typically operates under ther¬ 
modynamic conditions that imply an almost complete 
carbon conversion into gaseous species (i.e., CO, C0 2 , 
and CH 4 ). Assuming carbon conversion is complete, 
the equilibrium gas composition is given by two 
homogenous gas reactions, methane steam reforming 
(Eq. 6) and water-gas shift (Eq. 7). 

CH 4 T H 2 0 CO T 3H 2 AHr = T206 KJ/mol 

(6) 

CO + H 2 0 <-► C0 2 + H 2 AHr = -41 KJ/mol 

(7) 

In practice, carbon conversion is restricted due to 
mass transfer limitations and reaction kinetics. The raw 
syngas often contains light and heavy hydrocarbons 
being intermediates in terms of volatilization of the 
biomass organics. Especially aromatic compounds, 
known as tars, require a sophisticated conversion pro¬ 
cess or in depth removal before downstream gas 
processing. 


Biomass gasification for fuel production relies on 

different gasification concepts, namely entrained flow, 

fluidized bed, and dual fluidized bed steam 

gasification: 

• Fluidized bed gasification is realized by a bed of 
fine, inert or catalytic active, material that is fluid¬ 
ized by blowing oxygen upwards through the bed. 
In contrast to power and heat applications, air is an 
improper gasification agent as nitrogen dilutes the 
syngas, boosting the downstream gas treatment 
effort. Depending on the gas velocity, the bed mate¬ 
rial is agitated (bubbling fluidized bed, BFB) or 
suspended throughout the gasifier (circulating flu¬ 
idized bed, CFB). The syngas leaves the reactor at 
the top. In case of CFB, it has to be separated from 
the bed material with a cyclone. Fluidized bed 
gasifiers allow for pressurized operation. Typical 
gasification temperatures are in the range of 
850-950 C. Compared to other gasification options, 
the main advantages of CFB gasifiers are high cold 
gas efficiencies, low investment costs, and a wide 
applicable power range of some tens to some hun¬ 
dreds of megawatts. Major drawbacks are related to 
comparatively low H 2 content in syngas and limited 
operating pressure because of feeding and fluidiza¬ 
tion issues. 

• Entrained flow gasification takes on a special posi¬ 
tion in biomass gasification. In contrast to fluidized 
bed gasifier designs, it refers to established fossil fuel 
technologies for large-scale implementation. The 
key measure to enable entrained flow gasification 
for biomass is to manipulate the biomass properties 
by pyrolysis processes, such as torrefaction and 
carbonization, in a way that they become more 
similar to coal. The resulting bio-oil, char, or slurry 
are pressurized and then atomized with pure 
oxygen in a burner at the top of the gasifier. 
Gasification temperatures are in a range of 
1,300-1,600°C, high enough to convert ash into 
slag. Entrained flow biomass gasification has 
some advantages compared to other gasification 
processes: (1) the high syngas pressure is favorable 
for H 2 purification and distribution, (2) the raw gas 
is tar-free and therefore requires only modest gas 
cleaning efforts, and (3) the possibility to combine 
decentralized, small-scale biomass pretreatment 
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with centralized, large-scale gasification avoids the 
long-distance transport of raw biomass with a low 
energy density while still profiting from economy of 
scales. On the other hand, there are some major 
drawbacks: (1) the overall concept implies an effi¬ 
ciency penalty due to losses during thermochemical 
pretreatment, (2) formation and discharge of slag is 
difficult to handle since biomass feedstock provides 
a wide range of ash properties, and (3) the H 2 
content in syngas is low, providing a heavy duty 
for downstream gas conditioning. 

• Dual fluidized bed steam gasification provides 
a major advantage for H 2 production by increasing 
the amount of H entering the process. But because 
the gasification process is endothermic, an external 
heat source and a heat transfer medium are 
required. Therefore, steam gasification concepts 
usually work with two fluidized beds, one for the 
gasification process and a second one for combus¬ 
tion. As an example, the process principle of the 
Fast Internally Circulating Fluidized Bed (FICFB) 
technology is shown in Fig. 6 0. Here, biomass is fed 
into the gasification chamber where it is converted 
into nitrogen-free syngas and char using steam as 
gasification agent. Char, recycled syngas, and 
recycled tars are burnt with air in the combustion 
chamber, heating the accompanying catalytic bed 
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Fast Internally circulating fluidized bed (FICFB) gasification 0 


particles. The hot bed material is then fed back into 
the gasification chamber, providing the required 
reaction heat. Dual fluidized bed gasifiers operate 
at ambient pressure with a gasification temperature 
of 800-870°C [18]. 

In case of H 2 production, all presented biomass 
gasifiers require further downstream gas processing to 
achieve better H 2 yield und purity. Gas conditioning by 
steam reforming (Eq. 6) and water-gas shift (Eq. 7) 
utilize steam to generate additional H 2 : 

• Steam reforming is the process where methane and 
other hydrocarbons are converted into carbon 
dioxide, carbon monoxide, and H 2 in the presence 
of steam. In technical applications, reforming is 
performed utilizing a catalyst, which is usually 
nickel-based. Steam reforming should be 
performed at high temperatures to shift the equi¬ 
librium to the right side of Eq. 6. There should be an 
excess of steam to prevent coking. At temperatures 
below 900° C, most of the nickel catalysts are sensi¬ 
tive to sulfur poisoning. Methane steam reforming 
is strongly endothermic. As for the gasification pro¬ 
cess itself, the question arises, whether the heat is 
provided autothermal by oxygen supply or 
allothermal from an external source. Low pressure 
is favorable since it shifts the reaction equilibrium 
towards H 2 . 

• In contrast, the water-gas shift reaction is 
exothermic. Unfortunately, the excess heat is not 
suitable to support steam reforming because the 
temperature level is too low. Water-gas shift is 
often performed in two steps: a high temperature 
shift and a low temperature shift. The high temper¬ 
ature shift usually is performed at 300-400°C using 
iron-chrome catalysts, and the low temperature 
shift operates below 250°C utilizing copper and 
zinc oxide catalysts. The amount of carbon monox¬ 
ide can be lowered to less than 1%. The equilibrium 
is not sensitive to pressure. 

Biomass gasification with downstream gas condi¬ 
tioning results in an H 2 -rich gas that typically contains 
a significant amount of accompanying gas species (e.g., 
carbon dioxide, carbon monoxide, nitrogen, and 
a variety of trace components). Physical or chemical 
scrubbers for acid gas removal (AGR) permit 
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a comparatively cheap and efficient bulk C0 2 removal, 
but high purity H 2 output requires (additional) 
pressure swing adsorption, membrane separation, or 
preferential CO oxidation upstream of the acid gas 
removal. 

Pressure swing adsorption works on the principle of 
molecular sieving. Molecular sieves are zeolites or 
activated carbon with a defined pore structure allowing 
for the separation of molecules according to size and 
polarity. The gas is fed to a system of packed beds. 
Frequent pressurization of the beds leads to, alternately, 
adsorption and release of the unwanted gas species. 
After desorption, the bed is purged. In the time, the 
first bed is regenerated; the second bed is pressurized, 
after which the gas feed is switched back to the first bed. 

Biomass to Hydrogen Systems 

The basic concept of biomass gasification plants for H 2 
production is presented in Fig. 7. It involves several 
main process steps: (1) biomass pretreatment, mainly 
drying and sizing, but in case of entrained flow gasifi¬ 
cation also thermochemical treatment such as fast 
pyrolysis or torrefaction; (2) the gasification process 
itself, performed either allothermal with a dual fluid¬ 
ized bed design or autothermal with fluidized bed or 
entrained flow gasifiers; and (3) downstream gas 
processing that covers gas cleaning for the removal 
of impurities, gas conditioning by reforming and 
water-gas shift reaction, and H 2 purification. 

A biomass gasification plant is not energy autono¬ 
mous. Most of the processes require a significant 
amount of electrical energy. Steam generation is also 


an issue. Depending on infrastructural and business 
conditions, it could be a favorable option to integrate 
power and heat generation. If so, some of the syngas is 
used to fire an engine or a gas turbine for the simulta¬ 
neous generation of electricity, heat, and fuel. Another 
option is the conversion of surplus heat with a steam 
turbine. In the future, the operation of a fuel cell feed 
with H 2 is another possibility. If power and heat gen¬ 
eration exceeds the demand of the plant, surpluses can 
be sold in addition to the H 2 product. This approach is 
referred to as polygeneration concept [19]. 

Present biomass gasification plants are originally 
designed for the production of biofuels other than 
H 2 . But a proper downstream process design allows 
for H 2 production as well. If designed for H 2 output, 
the fuel synthesis island has to be replaced by H 2 
purification processes. 

In case of entrained flow gasification concepts, 
biomass pretreatment and the gasification process 
itself will be the same for all biofuel output option. 
Gasification parameters do not allow for further opti¬ 
mization of the H 2 yield because there is a trade-off 
between efficiency and H 2 yield: a higher steam input 
requires more oxygen to achieve the necessary operat¬ 
ing temperatures. Carbon conversion in entrained flow 
gasifiers is almost complete. The hot raw gas consists of 
H 2 , CO, and C0 2 . It is cooled by a water quench using 
the sensible heat of the gas stream for water vaporiza¬ 
tion. The amount of water fed into the gas stream 
lowers the demand for additional steam during the 
water-gas shift. 

H 2 production asks for an as high as possible CO 
conversion since the energy content of unconverted 
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Concept of biomass gasification plants for H 2 production 
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CO is lost for H 2 output. Therefore, a staged water-gas 
shift layout is essential. Available catalysts are sensitive 
to sulfur poisoning so that sulfur components have to 
be removed upstream. Depending on the requested H 2 
quality, different H 2 purification processes have to be 
applied. Figure 8 provides at the left side a basic scheme 
of a process chain for H 2 production based on 
entrained flow gasification. 

Recently, several large-scale biofuel production 
concepts based on entrained flow gasification were 
developed: 

• The production of FT-Diesel from wood on a 
45-MW scale with a staged gasification process has 
been demonstrated. The Carbo-V® process 
operates at 5 bar pressure. First, biomass is 
converted into tar-containing gas and charcoal by 
autothermal pyrolysis at 400-500° C. Second, the 
pyrolysis gas is fed to an entrained flow gasifier 
operating at about 1,500°C. Third, charcoal is 
used for cooling the hot gas down to 900° C by 


a chemical quench process. The tar-free raw gas 
contains 30-40% of both H 2 and CO, balanced by 
C0 2 and H 2 0 0. 

• The bioliq® concept couples decentralized fast 
pyrolysis of straw with centralized entrained flow 
gasification of the resulting bioslurry. The fast 
pyrolysis is performed at ambient pressure and 
500°C. The resulting char and pyrolysis oil are 
mixed to form slurry, which is transported to 
the gasification plant. There, it is fed to an 
entrained low gasifier operating at 30 bar and 
1,200°C. The raw gas contains 30-40% CO and 
20-30% H 2 , balanced by N 2 , C0 2 , and H 2 0. 
Favored product outputs are FT-Diesel and 
dimethyl ether, but H 2 production is considered as 
an option [20]. 

Fluidized bed gasification concepts, as shown 
in the middle part of Fig. 8, avoid the need for thermo¬ 
chemical biomass pretreatment. They have milder 
requirements regarding feedstock drying and sizing. 
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Biomass gasification process chains for H 2 production 
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Wood chips are a common fuel. Circulating fluidized bed 
(CFB) gasifiers are in some major aspects similar to 
entrained flow gasifiers. They use the same gasification 
agent - oxygen - and may operate pressurized. 

An important difference compared to entrained 
flow gasifiers is related to ash. Because sintering 
and slag formation would create problems in terms of 
bed fluidization, the operating temperature is limited 
to roughly 1,000°C. At this operating condition, 
carbon conversion is around 95%. The limited carbon 
conversion is linked to a major problem of fluidized 
bed gasifiers: syngas quality suffers from tars. Since tars 
are not only impurities but also carry a significant 
amount of the chemical bound energy, tar treatment 
is crucial for the overall efficiency. A preliminary 
reforming of tars - and other hydrocarbons including 
methane, which is a major component in CFB raw gas - 
recovers the chemical energy to a large extent in form of 
CO and H 2 before a secondary tar removal process 
purifies the syngas. Further downstream processes are 
similar to those of entrained flow gasification based H 2 
concepts. Differences in syngas composition and 
pressure level decide over the choice of the most 
suitable H 2 purification steps. 

At present, CFB biomass gasification for H 2 is still 
under development. In Scandinavia, different demon¬ 
stration projects deal with a slipstream H 2 train: 

• In Varnamo (Sweden), the WBGC demonstration 
project rebuilds a biomass-fueled IGCC plant into 
a synthesis gas producing unit with research and 
development [21]. 

• In Varkaus (Finland), a consortium is demonstrat¬ 
ing a 12-MW syngas atmospheric oxygen/steam- 
blown CFB gasifier. The ultra clean gas (UCG) 
project focuses on syngas treatment to provide 
a reliable interface for different production targets, 
including H 2 [22, 23]. 

Dual fluidized bed gasification concepts, as 
shown in the right part of Fig. 8, cover process steps 
similar to those of CFB-based process chains. The 
major differences are: (1) the carbon conversion in the 
gasification chamber of roughly 75% leads to a smaller 
amount of syngas containing a higher percentage of H 2 , 
(2) the duty of the water-gas shift is lower because the 
raw syngas composition provides a higher H 2 /CO ratio 
due to the utilization of steam as gasification agent, 


and (3) tars are recycled to the combustion chamber 
because the segregation of gasification and combus¬ 
tion permits an easy handling of additional fuel. 

Dual fluidized bed gasification concepts for the 
production of fuels and chemicals are mainly designed 
for methane output, often as a part of a polygeneration 
concept. But some concepts are as well optimized for 
H 2 production: 

• A biomass gasification concept for the production 
of gaseous and liquid fuels has been introduced. 
A dual fluidized bed gasifier integrates a tar 
reformer utilizing the heat of the flue gases to 
boost the syngas H 2 content from 20% up to more 
than 45% [24, 25]. 

• The so-called Giissing model follows the strategy of 
decentralized, local energy production from all 
available renewable resources in a region. Here, 
an 8-MW th FICFB gasifier (Fig. 6) is operated in 
CHP mode [26]. Additionally, the gasifier provides 
opportunities for testing different bed materials 
and for the use of a syngas side stream for 
process development purposes, for example, the 
development of methane and BtL fuel production 
downstream equipment. 

Table 5 summarizes the characteristics of the 
presented biomass gasification process chains regard¬ 
ing H 2 production. Those process chains provide 
a basis for additional or pure H 2 output but rely on 
an initial design for other output options. H 2 produc¬ 
tion is specified as a potential output stream but has 
not been demonstrated on an industrial scale. From the 
view of process economics, a major drawback of 
current gasifier designs is the initial low H 2 content of 
the syngas. Recently, new processes with higher H 2 
concentrations have gained interest. Particularly, a 
process called adsorption enhanced reforming (AER) 
provides good opportunities for commercial H 2 pro¬ 
duction from wood and herbaceous biomass [27] 0. 

Case Study: The AER Process 

The AER process is a new approach to improve dual 
fluidized bed gasification. Figure 9 describes the 
process principle. By using a bed material such as 
mineral calcite (CaC0 3 ) in a dual fluidized bed gasifier, 
a chemical loop is established where the bed material 
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Hydrogen from Biomass. Table 5 Main characteristics of biomass gasification process chains for fuels and chemicals 



Dual fluidized bed 

Circulating fluidized bed 

Entrained flow 

Gasification characteristics 

Reactor type 

Dual fluidized bed 

Fluidized bed 

Entrained flow 

Gasification agent 

Steam 

Oxygen (+steam) 

Oxygen (+steam) 

Heat supply 

Bed loop 

Autothermal 

Autothermal 

Temperature level (°C) 

800-870 

900-1,000 

1,300-1,600 

Pressure level (bar) 

1 

1-20 

5-80 

Residues 

Ash 

Ash 

Slag 

H 2 at outlet (vol%) 

30-40 

20-30 

25-35 

CH 4 at outlet (vol%) 

9-12 

10-15 

<1 

Required downstream processes for H 2 production 

Tar removal/conversion 

Yes 

Yes 

No 

Steam reforming 

Yes 

Yes 

No 

CO shift 

Yes 

Yes 

Yes 

H 2 purification 

Yes 

Yes 

Yes 

Plant characteristics 

Conversion efficiency 3 

50-60 

50-60 

45-55 

Target scale (MW th ) 

10-100 

30-200 

250-1,000 

Drawbacks 

Tar load 

Feeding system 
(pressurization), tar load 

Biomass pretreatment, 
process control 

Announced products 

CH 4 , BtL, polygeneration 

BtL, CH 4 , H 2 , IGCC 

BtL, CH 4 , H 2 


a Biomass to H 2 on LHV basis, estimation 


H 2 -rich syngas Flue gas, C0 2 



Hydrogen from Biomass. Figure 9 

Principle of AER gasification process 
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not only acts as a heat carrier but also adsorbs C0 2 and 
transports it from the gasification reactor to the 
combustion chamber where it is released. 

C0 2 absorption in the gasifier part shifts the 
equilibrium of the water-gas shift reaction towards 
H 2 (Eq. 7). Hence, an H 2 -rich product gas results 
with reduced C0 2 and CO concentration. The idealized 
sum reaction of the AER gasification - without consid¬ 
ering the formation of methane and other secondary 
products - is given by Eq. 8 [28]. 

CH x Oy T (2 — y)H 2 0 T CaO —> CaC 03 

+ (0.5x + 2 - y)H 2 ' 

CaO + C0 2 CaC0 3 AHr = —181.4 kj/mol 

(9) 

The operating temperature of the gasification 
reactor is 600-700°C. According to Eq. 9, C0 2 adsorp¬ 
tion (carbonation) is highly exothermal so that the heat 
demand of the gasifier part is lower as compared to 
FICFB steam gasification. The fluidized bed material - 
calcite (CaC0 3 ) and char at this moment - is directed 
to the combustion chamber where char and additional 
fuel are burned to provide the calcination temperature 
well above 800° C. The heated bed material - now 
quicklime (CaO) - is recycled to the gasification 
chamber. Because the temperature difference of more 
than 200°C between gasifier and combustor is much 
higher than those 50°C of the FICFB process, it is 
necessary to reduce the bed material circulation rate. 
In order to do so, the particle size of the bed material 
is increased, and the primary fluidization in the 
combustor is decreased [29]. 

The desired properties on the bed material for AER 
gasification are: 

• High mechanical stability to avoid dust problems in 
downstream equipment 

• High C0 2 capacity and sufficient reaction rate of 
carbonation and calcination 

• High catalytic activity towards tar conversion and 
CO shift reaction 

Different limestones as a bed material have been 
tested with two biomass fuels, wood pellets, and straw 
pellets in a 100-kW t h process development unit [29]. 
The tested bed material consisted mainly of calcite com¬ 
ing from different mining companies. Clear variations 


in overall performance of wood gasification regarding 
gas composition and dust load have been observed: 

• The H 2 concentration varies in a range from 59% 
to 70%. 

• The tar content in raw syngas varies from 0.4 
to 2.8 g/Nm 3 with most of the values lower than 
1 g/Nm 3 . 

• The dust content is between 12 and 42 g/Nm 3 . 

In contrast to conventional dual fluidized bed 
steam gasification, the AER process provides favorable 
conditions for straw gasification. Straw is a difficult fuel 
for biomass gasification because of its low sintering 
point at 700-750°C, causing bed agglomeration in 
reactors operating at the temperatures above. 
The lower gasification temperature and the positive 
influence of CaO on the melting behavior of straw 
enable this widely available biomass resource for H 2 
production. Compared to wood pellets, drawbacks are 
a higher dust load (~80 g/Nm 3 ) due to the high ash 
content, a higher tar content of 2-3 g/Nm 3 , and 
a lower H 2 concentration of 52% [29]. 

The same 100-kW th apparatus have been used to 
perform a comparison between FICFB and AER gasifi¬ 
cation regarding mass and energy balances [30]. The 
bed materials were olivine in case of FICFB gasification 
and calcite for the AER process. Oil was used as 
additional fuel. Table 6 provides an overview of the 
main results of those test runs. In contrast to conven¬ 
tional steam gasification, syngas properties of the AER 
process are more advantageous for H 2 production since 
the effort for downstream processing is much lower, 
but the conversion efficiency is comparatively low. 

Future Directions 

The market implementation of hydrogen from biomass 
is strongly influenced by the aimed utilization. 
The fields of use are significant: 

• Chemical industry, replacing hydrogen from fossil 
fuel 

• Transportation fuel 

• Energy carrier for the storage and dissemination to 
decentralized applicants 

The barrier for market access will be the lowest one 
in the first case because the market is established, the 
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Hydrogen from Biomass. Table 6 Comparison of wood 
gasification with conventional FICFB and AER process [30] 



FICFB 

AER 

Operating parameter 

Bed material 

100 kg olivine 

100 kg calcite 

Steam/fuel ratio 
(kg/kg) 

0.63 

0.79 

Gasification 
temperature (°C) 

841 

645 

Combustion 
temperature (°C) 

920 

894 

Syngas properties 

H 2 (vol%, dry) 

39.1 

73.9 

CO (vol%, dry) 

29.1 

6.1 

C0 2 (vol%, dry) 

17.5 

6.0 

CH 4 (vol%, dry) 

11.4 

11.7 

Hydrocarbons 
C2-C6 (vol%, dry) 

2.9 

2.3 

Dust (g/Nm 3 ) 

5.9 

22.8 

Char (g/Nm 3 ) 

35.2 

28.8 

Tar (g/Nm 3 ) 

3.5 

1.4 

H 2 0 (vol%) 

33.2 

51.4 

Energy balance 

Fuel, wood 
pellets (kW) 

123.5 

123.5 

Additional fuel, 
oil (kW) 

26.6 

9.6 

Auxiliaries and 
steam (kW) 

11.4 

12.0 

Syngas chemical 
power (kW) 

105.6 

66.5 

Conversion 
efficiency 3 (%) 

70.4 

50.0 

H 2 yield (l H2 / 
kg WO od) 

280 

580 


a Fuels to syngas, LHV 


infrastructure is still available, and there is hardly any 
alternative to hydrogen as a raw material for processes 
realized within the chemical industry. The replacement 
of fossil fuel in the hydrogen production can generate 
an important environmental benefit. This can be done 


step by step if the production plants based on fossil 
fuels reached their end of the lifetime. 

In the other market mentioned above (use as 
a transportation fuel and/or storage medium), a new 
infrastructure has to be installed before a hydrogen use 
in the large scale is possible. The creation of such 
a new infrastructure may be much more expensive 
than exclusive erection of the production plants. 
In addition, for these fields of application, renewable 
alternatives such as biomethane and liquid fuels still 
exist. It cannot be foreseen which position hydrogen 
will achieve within this competition field with the given 
fuel alternatives in years to come. 

Some H 2 production methods from biomass 
are well developed, and several processes are demon¬ 
strated. Nevertheless, a commercial status could not be 
reached until now, neither based on the thermochem¬ 
ical nor on the biochemical or biological route: 

• The process steps for the thermochemical hydrogen 
production based on biomass are well known and 
scientifically analyzed. Demonstration of the whole 
provision pathway in a near commercial size has to 
be the next implementation step. Basically, these 
processes have to show their economic performance. 

• Biochemical pathways for the generation of 
hydrogen are still in the status of basic research. 
Therefore, these pathways might have the potential 
for an important contribution to bioenergy supply 
only if basic questions are solved based on increased 
research activities. 

The viability of a future biomass to H 2 technology 
critically depends on the development of efficient, 
large-scale, cost-effective, and sustainable H 2 produc¬ 
tion systems. There are lots of activities ongoing, but so 
far, an economic breakthrough on the market cannot 
be seen. The years to come will show if this option has 
a realistic chance to contribute with a considerable 
share within the overall energy system [1, 31]. 
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Glossary 

Adiabatic process A process undergone by a system 
during which there is no heat exchange between the 
system and its surroundings. 

Enthalpy Thermodynamic potential (akin to the 
internal energy) of a system that remains constant 
when the system undergoes an adiabatic process at 
constant pressure and composition. 

Geothermal reservoir engineering Branch of engi¬ 
neering that applies scientific principles to the 
problems arising during the extraction of mass 
and heat from a geothermal resource. 

Geothermal resource, Unless otherwise specified, in 
this article the meaning is restricted to 
a hydrothermal system selected for exploitation 
with the purpose of extracting usable heat. 

Magma chamber Earge accumulation of molten rock 
found beneath the surface of the Earth. 

Definition of the Subject 

In its most ample definition, geochemistry involves the 
study of the abundance, distribution, transformation, 
and transport of the elements, and their isotopes and 
compounds in the Earth and other planets. In this entry, 
this extremely ample subject is drastically reduced by 
two constraints. In the first instance, it is restricted to the 
discussion of hydrothermal systems, the only type of 


high-temperature geothermal resource that is exploit¬ 
able with current conventional technology for the pro¬ 
duction of electricity and process heat. The second 
constraint consists of the pragmatic approach to the 
subject. Indeed, the entry refers to the interplay between 
science and technology, which has led to the develop¬ 
ment of techniques based on geochemical consider¬ 
ations that have proven useful for the characterization 
and exploitation of hydrothermal systems. 

Early studies of hydrothermal systems were 
concerned with the underground flow of heat and 
water [1-4]. Soon afterward, the systematic study of 
geochemical features of these systems started [5-7]. 
Since then, geochemistry has accompanied the develop¬ 
ment of technology for the exploration and exploitation 
of geothermal resources. Geochemical techniques pro¬ 
vide information on the structure and the distribution of 
temperature and other physicochemical parameters in 
a hydrothermal system. When combined with reservoir 
engineering considerations, geochemistry provides 
information on processes induced in the geothermal 
reservoir by the continuous extraction of mass and heat. 

Introduction 

A hydrothermal system is a volume of rock which is 
permeated by water or steam and heated to 
a temperature higher than normal for the particular 
depth. The source of heat is usually a magma chamber 
lying a few kilometers underneath; less frequently, the 
source of heat is a crustal site with an abnormally high 
concentration of radioisotopes, mainly potassium 
( 40 K), thorium ( 232 Th), and uranium ( 235 U and 
238 U). The origin of the fluid is meteoric, that is, rain 
water that infiltrates the ground to depths of up to a few 
kilometers, frequently mixed with fluids and solutes 
of magmatic origin. The essential features of 
a hydrothermal system are shown in Fig. 1, which is 
similar to an early sketch by White [8]. A third feature 
is the so-called cap rock, which is a layer of less perme¬ 
able rock overlying the volume of permeated rock (i.e., 
the “reservoir”). The permeability and degree of frac¬ 
turing of this cap rock varies from site to site and so do 
the intensity and the abundance of the surface mani¬ 
festations of hydrothermal systems (boiling springs, 
steam vents, hot ponds, geysers). 
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Schematic model of a hydrothermal system 

A more detailed model from a geochemical per¬ 
spective is that shown in Fig. 2 [9]. Degassing of 
magma produces a fluid that, on the basis of the anal¬ 
ysis of high-temperature gases released from basaltic 
[10] and andesitic magmas [11] is estimated to consist 
of water vapor with 20-40% by weight of C0 2 , 5% of 
sulfur (S0 2 /H 2 S), and 1-2% HC1. As this fluid ascends, 
mixes with deeply circulating ground water and expe¬ 
riences a reduction in temperature, it forms a highly 
acidic fluid which interacts with the wall rock in 
a process called “primary neutralization .” The result 
of this process is postulated to be a virtually complete 
cation leaching of the rock, forming close to neutral 
solutions with cation contents similar to the composi¬ 
tion of the original rock, and with chloride and sulfate 


as the main anions. It is postulated further that mag¬ 
nesium and calcium are rapidly redeposited in the form 
of Mg- and Ca- rich minerals and sulfate is also depos¬ 
ited in the form of pyrite, alunite, or anhydrite. The 
result of this “primary neutralization” process is the 
production of the typical brine encountered in geother¬ 
mal reservoirs, that is, a neutral or close to neutral 
aqueous solution with chloride as the main anion and 
sodium and potassium as the main cations. This brine, 
which contains much of the magmatic C0 2 and some 
of the sulfur as H 2 S [9], may reach the surface mixed 
with varying proportions of meteoric water in natural 
hot springs or could be brought to the surface by 
man-made wells. The natural upward migration of 
this NaCl/KCl brine through the main upflow zone 
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Schematic cross section of a hydrothermal system with details of fluid genesis and fluid-rock interaction, as drawn by 
Giggenbach [9] 


(i.e., the “geothermal reservoir”) causes some charac¬ 
teristic alteration of the rock which leads to its enrich¬ 
ment in potassium (K-metasomatism). 

In some hydrothermal systems, the deep, pre¬ 
neutralized liquid phase, finds its way to the surface, 
mixed with meteoric waters. The oxidation by atmo¬ 
spheric oxygen of the H 2 S to produce H 2 S0 4 gives rise 
to surface discharges with very low pH and high con¬ 
centrations of chloride and sulfate ions; the cation 
composition of these waters may approach the compo¬ 
sition of the original (dissolved) rock [12]. 

A third type of surface discharge originates from 
C0 2 -rich steam separation from the rising brine, its 


interaction with the rock at shallower levels to produce 
calcite, and its mixture with oxygen-rich meteoric 
waters, which produce surface discharges with bicar¬ 
bonate as the dominant ion, close to neutral pH, and 
varying concentrations of sulfate and chloride ions. 
The mineralogical consequences of this acid-induced 
alteration (H-metasomatism) of the rock are observ¬ 
able in the periphery of the main upflow zone. 

A hydrothermal system is clearly not in equilibrium; 
there are thermal, mechanical, chemical, and nuclear 
processes that lead to conductive, convective, and radi¬ 
ative transport of energy, and to mass transport in and 
out of the system as well as between parts of the system 
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(fluid flow, dissolution and precipitation of material, 
chemical reactions in liquid, gaseous, and solid phases). 
However, in certain stages of development, and certain 
parts of the system, where temperature and pressure 
vary only very slowly, fast chemical reactions adjust to 
the conditions prevailing at any given time and may be 
said to be at equilibrium. Many of the useful geochem¬ 
ical inferences that may be made on the prevailing phys¬ 
icochemical conditions in a hydrothermal system 
depend on these partial equilibrium states, which may 
be best referred to as steady states. 

In the early stages of exploration of a hydrothermal 
system, when only evidence available from the surface 
is at hand, the aim of a geochemical survey is the 
generation of a model that would assess the tempera¬ 
ture and chemical conditions of the fluid at depth. 
Naturally, the confidence that may be placed on this 
assessment increases with the ability of the model to 
accommodate as much of the available evidence as 
possible, and to explain the composition of all surface 
discharges [13-16]. 

Geothermometry 

Perhaps the single most important hydrothermal res¬ 
ervoir parameter that could be estimated with geo¬ 
chemical techniques is the temperature. Indeed, there 
are algorithms, called geothermometers, which relate 
the geothermal reservoir temperature to mathematical 
expressions involving the concentrations of ionic and 
neutral species in the hydrothermal fluid. In this sec¬ 
tion, a general discussion of the bases and application 
of geothermometers is provided. 


constant and equal to unity. Also, many hydrothermal 
aqueous solutions are only moderately concentrated, 
so the activity coefficients of ionic species in solution 
approach unity. With these simplifications, the equi¬ 
librium constant for reaction 1 is given by 

[C y+ ] c [D z+ ] d 

Keq = l - -U-J (2) 

[A w +] a [B x +] b 

where the quantities in brackets refer to molal 
concentrations. 

The natural logarithm of the equilibrium constant 
is related to the reaction changes in standard enthalpy 
and entropy by the following expression: 


In Keq 


AH 0 AS 0 
~RA + ~R 


( 3 ) 


where AH 0 and AS 0 are the reaction change in standard 
molal enthalpy and entropy, respectively, T stands for 
the absolute temperature and R is the gas constant. For 
many reactions, AH 0 and AS 0 vary only slightly with 
temperature and pressure in the range of interest 
(25-300°C; 1-200 bar), so one would expect to find 
an approximately linear relationship between the loga¬ 
rithm of the equilibrium constant and the reciprocal of 
the absolute temperature. 

The first indicator of this sort that was identified is 
the ratio of the concentrations of sodium and potas¬ 
sium ions in the hydrothermal fluid, as it was observed 
that the ratio K/Na increases with temperature [5, 6]. 
Mercado [17] generated a model of natural flow in the 
Cerro Prieto geothermal field (Mexico) based on this 
indicator. 

Several relations of the type: 


Cation Geothermometry 

Geothermometers based on the ionic composition of 
hydrothermal fluids explicitly or implicitly refer to 
mineral-solution reactions of the following type: 

Mineral assemblage 1 + aA w+ + bB* + 

( 1 ) 

= Mineral assemblage 2 + cC r+ + dD z+ 

where A, B, C, and D stand for cations in solution; a, b, c, 
and d are stoichiometric coefficients, and the charge 
conservation condition: aw + bx = cy + dz is obeyed. 

To a first approximation, the activities of minerals 
in contact with hydrothermal solutions may be taken as 



+ B 


( 4 ) 


where A and B are constants, have been fitted to data on 
fluid chemical composition and measured underground 
temperature from geothermal wells, oil field brines, and 
natural hot springs [5, 18-24]. Those relations which 
were fitted to sufficiently ample data bases from geo¬ 
thermal wells and oil field brines [22-24] approach the 
expression that would be obtained for Eq. 3 from 
modern thermodynamic data [25] for the reaction: 


albite + K + = K — feldspar + Na + (5) 
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Fournier and Truesdell [19] developed 
a geothermometer based on two hypothetical 
mineral-solution reactions represented by the single 
expression: 

Mineral assemblage 1 + K + 

= Mineral assemblage 2 + (/?/2)Ca 2+ + (1 — /?)Na + 

(6) 

where /? could take one of two possible values, namely, 
1/3 and 4/3. Those authors proposed a graphical 
method to estimate reservoir temperatures in a plot 
of the type of Eq. 3 for the above reactions. An analyt¬ 
ical expression for this geothermometer, provided by 
Fournier [26], is as follows: 


log 


(Na + ) 1_p (Ca 2+ ) 1 


10 


K+ 


16471- 


-2.47- 


-2.06^ 

( 7 ) 


where the parentheses on the left-hand term refer to 
concentrations in mg/kg. The procedure proposed by 
the authors is to apply Eq. 7, on a first trial, utilizing 
a value of 1/3 for the parameter /?. In case the result 
obtained is a temperature greater than 100°C, one is to 
consider it the final value; otherwise, one should utilize 
the value of 4/3 for /?. As pointed out by Giggenbach 
[9], the fact that a single value for the coefficient of 
(1/T) is utilized implies that /? is to be considered 
a statistical weighing factor rather than a stoichiomet¬ 
ric coefficient in reaction 6. 

This Na-K-Ca geothermometer has been applied 
extensively in the exploration of hydrothermal 
resources. Several authors have identified systematic 
errors in its application which seem to be associated 
with high contents of C0 2 in the hydrothermal fluid 
[9, 27, 28], and a modified expression has been 
proposed [27]. In addition, Fournier and Potter [29] 
have proposed a correction term to be used when 
this geothermometer is applied to Mg-rich thermal 
waters. 

Geothermometers based on the concentration of 
the four main cations (Na + , K + , Ca 2+ , Mg 2+ ) have 
been developed. Nieva and Nieva [24] developed 
a procedure that leads to the utilization of one of 
four possible equations with a given sample, 
depending on its chemical characteristics. This 


geothermometer, called the Cationic Composition 
Geothermometer (CCG), is designed to ensure that 
the equation: 

ios '»iiy- ii 78 G ; ) +i - 239 <s) 

similar to the expression developed by Fournier [22], is 
applied only to waters showing preliminary signs of 
having a high-temperature origin, thus adopting 
a conservative approach which avoids overestimation 
of temperatures at depth. Application of this 
geothermometer to a hot-spring NaCl/KCl brine with 
close to neutral pH is safe and the resulting estimated 
temperature should be considered a lower bound for 
the reservoir temperature. In Eq. 8 brackets indicate 
molal concentrations. 

Giggenbach [9] also developed a procedure to esti¬ 
mate temperatures at depth based on the consideration 
of chemical equilibria involving the four main cations. 
This author concluded that the mineral assembly mus¬ 
covite, clinochlore, silica, albite, and K-feldspar is at 
chemical equilibrium in the deep parts of the main 
upflow zone of the hydrothermal system according to 
the following reactions: 

0.8 muscovite + 0.2 clinochlore + 5.4 silica + 2 Na + 
= 2 albite + 0.8 K — feldspar +1.6 water + Mg 2+ 

( 9 ) 

and 

0.8 muscovite + 0.2 clinochlore + 5.4 silica + 2 K + 
= 2.8 K — feldspar +1.6 water + Mg 2+ 

( 10 ) 

The above reaction system includes, of course, reac¬ 
tion 5. From these considerations, and taking as a ref¬ 
erence modern thermodynamic data, Giggenbach [9] 
proposed the use of a K-Na geothermometer and 
a K-Mg geothermometer, as given respectively by the 
following expressions: 

ios '+=- i39o (+ i75 < n) 

and 

io 6 '« j + i = - 44i °(+ 14 <i2) 
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In Eqs. 11 and 12 concentrations are in mg/kg. Reac¬ 
tion 5 seems to re-equilibrate very slowly as the fluid 
ascends and encounters strata with lower temperatures. 
Thus, as mentioned above, K-Na geothermometers 
applied to waters from hot springs provide a reasonable 
lower bound for reservoir temperature at depth. On the 
other hand, the proportion of magnesium and potas¬ 
sium ions readjusts more rapidly and the application of 
Eq. 12 yields estimates of temperature in shallower 
parts of the hydrothermal system [9]. 

Just as in the case of the development of the CCG 
geothermometer [24], Giggenbach [9] faced the need 
to develop an indication, based on the concentration of 
Mg 2+ , to determine if thermal water had been at equi¬ 
librium at depth. This author proposed the use of the 
triangular diagram shown in Fig. 3, based on the 
parameters Na + /1,000, K + /100, (Mg 2+ ) 1/2 . In this dia¬ 
gram, data points of waters such as those produced 


by geothermal wells, which have a cationic composition 
compatible with chemical equilibrium of reac¬ 
tions 9 and 10, fall on the “fully equilibrated waters” 
curve. In contrast, data points of water with composi¬ 
tion compatible with full dissolution of crustal rocks 
fall in the lower right-hand corner. The region in the 
diagram belonging to “partially-equilibrated waters” is 
bounded on the top by the “fully equilibrated waters” 
curve and on the bottom by a rather arbitrary curve. 
This lower curve is drawn by plotting data as for the 
“fully equilibrated waters” but first dividing the con¬ 
centration of sodium by 4.57. Giggenbach [9] recom¬ 
mends the use of the K-Mg geothermometer for 
samples that fall in the partially-equilibrated waters 
area of the diagram, but to exercise caution when they 
fall near the lower curve. 

Table 1 illustrates the application of the CCG [24] 
and the Na-K-Mg [9] geothermometers, as applied to 


Na/1000 


K/100 



/Mg 


Hydrothermal Systems, Geochemistry of. Figure 3 

Triangular diagram for estimation of equilibrium reservoir temperatures by simultaneous application of 
geothermometric expressions from Eqs. 11 and 12. The "full equilibrium" curve represents the loci of intersections of 
isotherms drawn by use of Eqs. 11 and 12. Dot-joining lines are isotherms drawn by use of Eq. 12. Figure constructed 
with information provided by Giggenbach [9] 
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Hydrothermal Systems, Geochemistry of. Table 1 Application of the CCG [24] and the Na-K-Mg [9] geothermometers to 
geothermal wells and associated hot springs. Concentrations are in mg/kg and temperatures are in Celsius. Data is from [9] 


Origin 

Reservoir 

Temperature 

pH 

Na 

K 

Mg 

Ca 

t CCG 

t K-Na 

t K-Mg 

Geoth. well NG-9, Ngawha, New Zealand 

230 

7.7 

893 

79 

0.110 

3 

194 

223 

204 

Jubilee pool. New Zealand 

230 

7.2 

842 

72 

1.600 

9 

191 

220 

147 

Geoth. well WK66, Wairakei, 

New Zealand 

240 

8.5 

995 

142 

0.040 

17 

236 

262 

258 

Champagne Pool, New Zealand 

240 

8.0 

1,070 

102 

0.400 

26 

200 

229 

187 

Geoth. well BR-11, Broadlands, 

New Zealand 

260 

7.4 

675 

130 

0.011 

1 

266 

291 

291 

Ohaki Pool, New Zealand 

260 

7.1 

860 

82 

0.100 

3 

200 

229 

208 

Geoth. well 10, Miravalles, Costa Rica 

250 

7.8 

1,750 

216 

0.110 

59 

222 

250 

254 

Sal. Bagaces, Costa Rica 

250 

8.6 

2,063 

85 

6.600 

33 

140 

170 

129 

Geoth. well ZQ-3, Zunil, Guatemala 

295 

8.1 

933 

231 

0.012 

15 

294 

317 

327 

Zunil Spring 

295 

7.0 

384 

32 

39 

17 

189 

218 

77 

Geoth. well from Cerro Prieto, Mexico 

280 

7.3 

5,600 

1,260 

0.270 

333 

283 

307 

337 

Spring N29, Cerro Prieto, Mexico 

280 

7.6 

5,120 

664 

4.600 

357 

227 

254 

216 

Geoth. well from Tongonan, Philippines 

330 

7.0 

3,580 

1,090 

0.200 

128 

320 

340 

337 

Banati Spring, Philippines 

330 

8.3 

1,990 

210 

0.400 

86 

208 

237 

219 

Salton Sea well, USA 

330 

5.2 

38,400 

13,400 

10 

22,010 

338 

357 

381 

Seawater 

4 

7.8 

10,760 

390 

1,290 

410 

132 

162 

97 


samples from geothermal wells and hot springs from 
a number of hydrothermal systems. For most wells, 
the CCG yields temperatures quite close to the mea¬ 
sured values. When applied to hot springs, the CCG 
yields temperatures that, in the context of a survey of 
a geothermal area, could be safely taken as a lower 
bound for the reservoir temperature. The Na-K-Mg 
geothermometer yields temperatures close to the 
measured value but in some cases, it overestimates 
the temperature of the reservoir. For this reason, 
some authors [30, 31] prefer to construct the triangu¬ 
lar diagram of Giggenbach [9] using Eq. 8 of the CCG 
instead of Eq. 11 of the Na-K-Mg geothermometer. 
Cationic geothermometers fail when applied to 
ocean water, yielding high-temperature values possi¬ 
bly reflecting the interaction of ocean water with 
basaltic rock in mid-ocean ridges [9]. In cases of 
hydrothermal systems with an important intrusion 


of ocean water, care must be taken in the application 
of cationic geothermometers; their application 
should be limited to brines produced by deep wells 
which presumably have been subject to interaction 
with reservoir rocks at high temperatures for long 
periods of time. 

Most cation geothermometers involve only the 
major cations (Na + , K + , Mg 2+ , Ca 2+ ) but some are 
based on lithium equilibrium between the aqueous 
solution and some mineral assembly [32, 33]. 
Lithium-magnesium geothermometers yield values 
close to the measure reservoir temperature 
when applied to water produced by geothermal 
and oil wells; however, when applied to hot spring 
water, the calculated temperatures are frequently 
too low, presumably due to the re-equilibration 
at lower temperatures of reactions involving 
magnesium [26]. 
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Silica Geothermometry 

The concentration of silica in hydrothermal fluids is 
determined by the solubility of quartz [34]. The fact 
that the solubility of quartz shows strong temperature 
dependence [34-36] provides the basis for the silica 
geothermometer [37, 38], which has been applied 
extensively for the exploration of geothermal resources. 

Two basic assumptions underlie the application of 
the silica geothermometer. The first assumption is that 
the solubility of quartz in moderately saline hydrother¬ 
mal fluids is similar enough to its solubility in pure 
water, so that the latter could be taken as reference. This 
assumption is quite plausible as long as the salinity is 
below 2% by weight and temperatures are below 300° C, 
which is the case for many hydrothermal systems; 
a correction must be made when salinity or tempera¬ 
ture are higher [26]. 

The second assumption is that the hydrothermal 
fluid does not gain or lose silica after it has reached 
equilibrium with quartz in the reservoir. This assump¬ 
tion does not hold in cases when the hydrothermal 
fluid undergoes a relatively slow rise to the surface. 
This is the reason why the silica geothermometer 
applied to hot spring waters does not yield tempera¬ 
tures higher than about 230° C; the reactions of quartz 
dissolution or precipitation are very fast above this 
temperature [39,40] . However, when applied to hydro- 
thermal fluids produced by lined wells that deliver the 
fluid to the surface much more rapidly and without 
interaction with the rock, the silica geothermometer is 
quite useful to estimate the reservoir temperature. 

In addition to the above assumptions, when apply¬ 
ing the silica geothermometer to hot spring waters, 
one must make some conjecture as to the processes 
affecting the sample on its way to the surface. When 
reaching the point of discharge, the hydrothermal liq¬ 
uid must have reduced its temperature to some value 
at or below the boiling point. There are basically three 
mechanisms by which this may be accomplished: 
mixing with colder waters, loss of heat to the rock by 
conduction, and adiabatic separation of steam; in 
most cases, at least two of these mechanisms intervene. 
When modeling these processes, it is much more con¬ 
venient to deal with enthalpy (i.e., heat content) rather 
than temperature because the former is a conservative 
quantity. Thus, when the hydrothermal liquid loses 


heat to the rock by conduction, the heat transferred 
is subtracted from the enthalpy of the liquid. When the 
hydrothermal liquid mixes with a colder water, the 
enthalpy (and silica) content of the mixture is simply 
the sum of the quantities contributed by each of the 
mixing components. Likewise, when a hydrothermal 
fluid undergoes adiabatic steam separation at a given 
temperature, the enthalpy distributes itself between 
the resulting liquid and steam phases according to 
the specific enthalpy (i.e., the heat content per unit 
mass) of each phase: 

H hf = (l-f)H hl +fH hs (13) 

where/is the mass fraction of steam, H^f stands for the 
specific enthalpy of the hydrothermal liquid before 
undergoing steam separation, and H ti i and H t , s refer 
to the specific enthalpies at temperature t of saturated 
liquid and steam, respectively. Specific enthalpies of 
saturated steam and liquid are usually taken as those 
for pure H 2 0 and could be obtained from steam tables. 
The silica content of the hydrothermal liquid also dis¬ 
tributes itself between the separated phases: 

[Si0 2 ] v =(l-/)[Si0 2 ],+/[Si0 2 ] ( (14) 

When the steam separation occurs at temperatures 
of 260° C or less, the silica concentration in the sepa¬ 
rated steam could be approximated safely as zero. 

These processes could be modeled graphically in 
a Cartesian plot of silica concentration vs. enthalpy. 
Fournier and Potter [37] provide a plot of the equilib¬ 
rium silica concentration in H 2 0 at the vapor pressure 
of the solution, as a function of enthalpy, covering the 
range of liquid water at 20° C to temperatures close to 
the critical point; Fig. 4, which reproduces a portion of 
that plot, was constructed with information provided 
in the cited reference. In such a plot, a point 
representing the hydrothermal liquid would fall on 
the quartz solubility curve. A point representing the 
mixture of the hydrothermal liquid with a cold water 
component would fall on the tie line joining the points 
which represent the two mixing components. In order 
to represent a process of adiabatic steam separation, 
one would locate the point representing the separated 
steam, with zero silica concentration and the specific 
enthalpy of the steam; then one would draw a line 
joining this point with the point representing the orig¬ 
inal hydrothermal liquid; by extending this line to the 
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value of the specific enthalpy of the separated (satu¬ 
rated) liquid, one would find the resulting silica con¬ 
centration and thus the position of the point 
representing this liquid. As an example, the following 
process is depicted graphically in Fig. 4: A hydrothermal 
liquid at 240° C undergoes adiabatic cooling by expan¬ 
sion with single-stage steam separation at 120°C. The 
separated liquid then mixes (w/w) with 60% meteoric 
water at 15°C, containing 5 mg/kg of silica, giving rise 
to a thermal water at about 57°C and a silica concen¬ 
tration of about 224 mg/kg. 

As mentioned above, in spite of the potential 
complexity of the processes affecting the silica con¬ 
tent of hot spring fluids the silica geothermometer 
has been applied extensively for the exploration of 
geothermal resources. When applied to hydrother¬ 
mal liquid produced by geothermal wells, the situa¬ 
tion is particularly simple. The liquid is brought 
to the surface rapidly, with negligible loss of 
heat to the walls and without mixing with other 


fluids; the only mechanism that intervenes is the 
adiabatic separation of steam. For these reasons, 
the silica geothermometer applied to well fluids is 
a powerful tool for the estimation of the reservoir 
temperature. 

Gas Geothermometry 

Reactions that involve gaseous substances that are pre¬ 
sent and measurable in the hydrothermal fluid may 
provide the basis for gas geothermometers. These reac¬ 
tions may or may not involve solid (mineral) phases. 
Examples of reactions which take place in the hydro- 
thermal fluid and do not involve a mineral phase are 
the so-called Fischer-Tropsch reaction: 

CH 4 + 2H 2 0 = C0 2 + 4H 2 (15) 

and the conversion of nitrogen to ammonia: 

2NH 3 = N 2 + 3H 2 (16) 
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Graph of equilibrium silica concentration in H20 at the vapor pressure of the solution vs. specific enthalpy. A process 
of adiabatic cooling of a hydrothermal liquid (point A), followed by mixing with a local meteoric water component 
(point D), is depicted graphically (see main text). Points (A, B, C, D, E) and compositions (specific enthalpy in J/kg, dissolved 
silica in mg/kg) are as follows: Original hydrothermal liquid: A (1,037, 418); steam separated adiabatically at 120°C: 

B (2,706, 0); liquid separated adiabatically at 120°C: C (503.7, 552); cold meteoric water: D (62.99, 5); resulting thermal 
water: E (239.3, 224) 
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An example of a gas reaction which involves min¬ 
eral phases is the oxidation of pyrite to produce mag¬ 
netite: 

3FeS 2 + 2H 2 + 4H 2 0 = Fe 3 0 4 + 6H 2 S (17) 

The collection and handling of samples for the anal¬ 
ysis of gaseous species in hydrothermal fluids is, in 
general, more complicated than is the case for species 
completely dissolved in the liquid phase [41]. Further¬ 
more, the relative proportions of the gaseous species 
sampled in the hydrothermal fluid may have been altered 
by a number of untraceable processes that affect the fluid 
on its transit from the reservoir to the surface. All these 
circumstances introduce uncertainty in the interpreta¬ 
tion of these analyses, as will be discussed below. 

The equilibrium proportions of chemical species 
that participate in a reaction at a given temperature 
in, say, the steam phase, are known from thermochem¬ 
ical data. It is safe usually to assume that there exists 
phase equilibrium between liquid and steam phases, so 
from the knowledge of liquid-steam partition coeffi¬ 
cients, one may know also the equilibrium proportions 
of species in the liquid phase. 

The most favorable situation for the interpretation 
of the gaseous composition of the hydrothermal fluid is 
one in which the undisturbed liquid phase is sampled 
directly from the reservoir. This situation is approxi¬ 
mated closely when one knows that a geothermal well is 
fed only by liquid phase. In such situation, one may 
determine the temperature of equilibration of the 
chemical reaction (i.e., the reservoir temperature) 
from the analyses of the fluid and the temperature 
dependence of the equilibrium constant (Eq. 3). 

In most cases, however, a geothermal well receives 
a mixture of liquid and steam phases from the reser¬ 
voir. This leads to a situation that is considerably more 
complex [42] because the mobilities of liquid and 
steam phases in the porous medium are different; 
thus, the proportions of liquid and steam phases 
reaching the well will be somewhat different than the 
proportions in the undisturbed reservoir. In spite of 
these drawbacks, in these situations the gas composi¬ 
tion of the produced fluid is utilized to estimate the 
fractions of reservoir steam and liquid that make up the 
mixture feeding the well [43-45]. The fraction of res¬ 
ervoir steam that results from these calculations, which 
is referred to as the reservoir steam fraction and 


frequently represented by the letter y, approximate as 
it may be, is a useful reservoir parameter, particularly 
when employed to detect variations in the conditions 
of the reservoir resulting from exploitation. 

The reservoir temperature, which is a necessary 
piece of information for the calculations described in 
the last paragraph, is measured directly, or estimated by 
the use of other geothermometers. D’Amore and 
Truesdell [46] developed a graphical method to calcu¬ 
late both the reservoir temperature and the reservoir 
steam fraction by considering simultaneous equilib¬ 
rium in two reactions in the gas phase. 

Some of the reactions that serve as a basis for the 
calculation of the reservoir steam fraction, namely, the 
Fischer-Tropsch reaction (Eq. 15) and the conversion 
of nitrogen to ammonia (Eq. 16), have been reported 
NOT to be at equilibrium in hydrothermal systems 
with reservoir temperatures below 250°C [47, 48], so 
these calculations must be interpreted with caution for 
such systems. 

If the interpretation of the gas composition of fluids 
produced by geothermal wells is complicated, the case 
of natural steam vents is even more so. Indeed, there are 
several processes that may occur during the rise of the 
hydrothermal fluid to the surface that may affect its 
composition. For example, the hydrothermal fluid may 
lose steam at different stages (and different pressures 
and temperatures) during its rise; the rising steam- 
liquid mixture may suffer partial condensation at dif¬ 
ferent stages; also, partial re-equilibration of chemical 
reactions may occur in transit to the surface. Neverthe¬ 
less, Arnorsson and Gunnlaugsson [47] developed 
a number of geothermometers based on the concentra¬ 
tion of gaseous species, and applied them to steam 
vents in Icelandic geothermal fields. For some of these 
sites, the calculated temperatures compare surprisingly 
well with temperatures measured in nearby wells, but 
this may be due to particularly favorable hydrological 
conditions. 

Giggenbach [49] proposes a geothermometer based 
on the ratio of molar concentrations of argon and 
hydrogen in the hydrothermal fluid, which is designed 
to be relatively insensitive to processes of steam sepa¬ 
ration or partial condensation occurring as the hydro- 
thermal fluid ascends toward the natural steam vents. 
Since both argon and hydrogen are very insoluble in 
water, and would separate almost quantitatively from 
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the liquid phase upon separation of even a small mass 
fraction of steam, they are likely to keep their relative 
proportions unchanged during the rise of the hydro- 
thermal steam to the surface. This geothermometer 
is based on the following main assumptions, (a) In 
liquid-dominated systems, the chemical equilibration 
of species, including volatile components, occurs in the 
liquid phase, (b) The redox conditions in a fully equil¬ 
ibrated hydrothermal system are quite invariant and 
keep the ratio of the fugacities of hydrogen to water at 
a value of approximately 10 -2 ’ 8 at temperatures up to 
1,200°C. (c) The argon concentration in the reservoir 
liquid corresponds to that of air-saturated groundwa¬ 
ter. With these assumptions, Giggenbach [49] arrives to 
the expression: 

f( o C) = 71^1og 10 ^ + 2.5^ (18) 

where Xj stands for the molar fraction of species i in the 
sampled fluid. This geothermometer was tested with 
appreciable success in samples from New Zealand and 
elsewhere. One serious drawback with this 
geothermometer is the fact that even the smallest con¬ 
tamination of the sample with air may lead to very 
erroneous results. Another problem is the possibility 
that, during its rise to the surface, the fluid may 
have lost argon and hydrogen by steam separation, 
followed by recuperation of hydrogen via chemical re¬ 
equilibration, thus leading to an erroneous high ratio 
of hydrogen to argon, and thus to an overestimation of 
the reservoir temperature. 

It is fair to say that for the exploration of 
a geothermal site, gas geothermometers should be 
interpreted with extreme care, and only in conjunction 
with other techniques such as the cationic or silica 
geothermometers. This may not be possible in sites 
where most or all the surface manifestations consist of 
steam vents and steam-heated waters, in which case the 
gas geothermometer results should be taken as a rough 
reference. 

Solid Solution Geothermometry 

Some minerals tend to form solid solutions through 
substitution of ions at specific sites in the crystal struc¬ 
ture, or by inclusion of ions at interstitial spaces. These 
ion substitutions or inclusions do not change the 


crystal structure except for rather minor dimensional 
distortions. The extent of ion replacement depends on 
various physical and chemical factors, such as the com¬ 
position of the surrounding medium, the temperature, 
and the pressure. In principle, this property of minerals 
offers the opportunity to identify solid-solution 
geothermometers when the dominating factor that 
controls the composition of the solid solution is the 
temperature. 

When drilling a geothermal well in a new area, 
where there are no nearby wells that provide an indi¬ 
cation of the temperature vs. depth profile, 
a relatively accurate temperature estimation that 
one could obtain, say from the study of drill cuttings, 
would be extremely useful. This is so because the 
information would help decide when to stop drilling 
and complete construction of the well. At present, 
engineers need to run costly and time-consuming 
temperature logs in order to obtain this information. 
This is an important motivation to develop solid- 
solution geothermometers. 

A geothermometer based on the composition of 
chlorites has been developed [50-52]. Indeed, linear 
correlations have been observed of increasing crystalli¬ 
zation temperature with increasing aluminum substi¬ 
tution for silicon in the tetrahedral site and with 
decreasing octahedral site vacancy. In spite of the suc¬ 
cessful substitution of the original automatic electron 
microprobe technique with the use of X-Ray Diffrac- 
tometry [53], the process of sample isolation, analysis, 
and interpretation is much too complex and time con¬ 
suming for this geothermometer to be useful in the 
context described in the preceding paragraph. Never¬ 
theless the geothermometer has been quite useful for 
the determination of paleotemperatures in a variety of 
studies. 

Geochemical Modeling of Hydrothermal Fluids 

In the exploratory stage of development of a hydro- 
thermal resource, the main purpose of geochemical 
modeling is to determine the temperature and compo¬ 
sition of the reservoir fluid, based on the available 
evidence from surface discharges. This is done by trac¬ 
ing back the processes occurring during the rise to the 
surface of the hydrothermal fluid. As mentioned above, 
the reliability of the resulting model will depend on its 
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ability to account for all available evidence, that is, its 
ability to explain through simple but reasonable pro¬ 
cesses the origin of all surface discharges, as originating 
from deep reservoir fluids. 

Our ability to model the rise of the hydrothermal 
fluid depends on our knowledge of the behavior of 
certain elements and compounds, generally called 
tracers, upon occurrence of processes of steam-liquid 
separation and mixing of different fluids. 

Stable Isotopes of Hydrogen and Oxygen 

Two of those tracers are the stable isotopes of hydrogen 
and oxygen, deuterium ( 2 H) and oxygen-18, present in 
natural waters. Indeed, the species H 2 ls O is present in 
ocean water in concentrations of the order of 2,000 
parts per million. Also, the species HDO, where 
D stands for deuterium, is present in concentrations 
of the order of 300 parts per million. 

The hydrogen and oxygen isotopic composition 
of water is measured with a mass spectrometer that 
determines the ratio of the rare to the common 
isotopic species (i.e., the ratios HDO/H 2 0 and 
H 2 18 0/H 2 0). Rather than expressing these ratios in 
absolute terms, they are conveniently expressed 
in the delta notation (5) as a per thousand (%o) 
difference with respect to a water standard. 
Thus, the sample’s deuterium composition, 5D, is 
calculated as follows: 


SD = 


-^sample -^standard 
-^standard 


x 1000 


(19) 


where R stands for the ratio HDO/H 2 0. The oxygen-18 
composition, 5 ls O, is calculated in a similar manner. 

The standard that has been adopted almost univer¬ 
sally is Standard Mean Ocean Water (SMOW), a water 
sample with oxygen and hydrogen isotope ratios close 
to the mean isotope ratios of ocean water [54]. 

When water separates in two phases (by condensa¬ 
tion of steam or evaporation of liquid water), its isoto¬ 
pic composition undergoes fractionation , that is, the 
isotopic composition of the resulting phases is different 
than the isotopic composition of the original phase. At 
atmospheric temperatures, the resulting liquid phase 
will be enriched in the heavy isotopes, deuterium and 
ls O, and the resulting steam phase will be depleted of 
them. 


As part of the hydrological cycle, water from the 
ocean continuously evaporates. As the resulting mass of 
water vapor moves into the continental area, it con¬ 
densates and looses part of its mass as precipitation 
(rain). In every precipitation event, the remaining 
atmospheric steam is depleted further of the heavy 
isotopes. The process continues as the mass of atmo¬ 
spheric steam moves further into the continental area, 
giving rise to a distribution of isotopic composition of 
surface waters, also referred to as “meteoric” waters. 
This isotopic composition of meteoric water may be 
seen as a natural label. It was first pointed out by Craig 
[55] that the isotopic compositions of meteoric waters, 
which had not undergone appreciable evaporation, 
were such that the deuterium and oxygen-18 concen¬ 
trations were linearly related by the following 
expression: 

<5D = 8<5 18 0 + 10 (20) 

After Craig’s original observation and with more 
data, Taylor [56] observed a better fit to the expression: 

(5D = 8<S 18 0 + 5 (21) 

This linear expression is known as the Global Mete¬ 
oric Water Line (GMWL), and serves as a frame of 
reference not only for the composition of “fresh” mete¬ 
oric waters, but also for the isotopic composition of 
surface waters that have undergone other processes, 
such as evaporation or isotope exchange with rocks. 

There are some natural processes that may alter the 
isotopic composition of meteoric waters accumulated 
in the surface or infiltrated in the ground. One of these 
processes is evaporation. The isotopic composition of 
a series of surface waters that have originated from the 
same meteoric water, but which have undergone evap¬ 
oration to different degrees, would deviate from the 
GMWL usually along a line of the form 

<5D = yS 1& O + x (22) 

where the slope y would have a value between 4 and 6. 
The residual waters after evaporation would have 
higher concentrations of the heavy isotopes and there¬ 
fore would deviate “to the right” of the GMWL in a 5D 
vs. 5 ls O Cartesian plot (see Fig. 5). 

Craig [57] observed that thermal waters had 
a deuterium concentration similar to that of local 
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meteoric waters, but had larger concentrations of 
oxygen-18, a phenomenon that has been termed 
the “ ls O shift” This was ascribed to isotope exchange 
between water and rock, in such a manner that 
the comparatively small degree of hydrogen exchange 
leaves the deuterium content of the water virtually 
unchanged, but its oxygen-18 content is substantially 
increased. These observations led to the concept that 
the main component of thermal waters is, by far, mete¬ 
oric water that has infiltrated the ground to great 
depth. 

Craig made his observations on what was at the 
time a comprehensive set of data from known thermal 
sites. However, as data from more thermal areas has 
accumulated, it has provided grounds to postulate the 
existence of a deep water component from partial mag¬ 
matic origin, called “andesitic water,” which in hydro- 
thermal systems found in convective plate boundaries 
mixes with local meteoric water to form the reservoir 
fluid tapped by geothermal wells [58, 59] (See Fig. 5). 
According to this alternative proposition, most of the 
isotopic exchange with the rock occurs at depths 
greater than those which are normally reached by dril¬ 
ling, presumably in the site where the “primary 


neutralization” of magma fluids occurs (see “Introduc¬ 
tion”), and the result of this neutralization is the for¬ 
mation of andesitic water. At the very high 
temperatures at which this process occurs (close to 
magma temperatures), it is expected that the propor¬ 
tion of deuterium (and of oxygen-18) in the andesitic 
water be completely determined by the isotopic 
composition of the rock or magma phases. It has 
been suggested that this composition should fall in 
the ranges of +5%o to +10%o for 5 ls O and — 30%o 
to — 10%o for 5D [59-61]. It is further postulated that 
part of this andesitic water would ascend and mix with 
more meteoric water to form the hydrothermal or 
reservoir fluid which is reached by drilling in geother¬ 
mal fields. 

As explained in section on “Introduction,” in the 
natural state of a hydrothermal system, the reservoir 
fluid ascends to the surface through a variety of 
processes and gives rise to thermal springs, steam 
vents, and other features typical of thermal areas. 
In the absence of drilled wells, these are the only 
sources of information on the chemical and isotopic 
characteristics of the reservoir fluid. It is the task 
of geochemistry to infer the temperature and 
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<5D vs. <5 1s O diagram showing the position of meteoric waters (Global Meteoric Water Line) and the positions of meteoric 
waters subjected to evaporation, oxygen-exchange with the rock, and mixing with a deep magmatic component 
(andesitic water) 
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composition of the reservoir fluid from the available 
evidence. 

As explained in relation to the application of the 
silica geothermometer (Section on “Silica 
Geothermometer”), with the consideration of parame¬ 
ters that are conserved in the fluid (silica, enthalpy, 
chloride ion), it is possible to model the processes affect¬ 
ing the rising fluid on its transit to the surface. Under the 
reasonable hypothesis that no further isotopic exchange 
occurs between the fluid and the rock during this transit, 
the deuterium and oxygen-18 contents of the fluid con¬ 
stitute two more conservative parameters. 

When liquid water boils, the resulting liquid and 
steam phases will in general not have identical isotopic 
compositions. The parameter that describes the equi¬ 
librium distribution of isotopes between the two 
resulting phases (i.e., the isotopic fractionation ) is the 
fractionation factor, a. For a given isotope, the frac¬ 
tionation factor is given by: 



^steam 


(23) 


where R stands for the ratio HD0/H 2 0 in the case of 
deuterium, and for the ratio H 2 18 0/H 2 0 in the case of 
oxygen-18. For these two isotopes, Truesdell et al. [14] 
have given a compendium of values of a at tempera¬ 
tures from 0°C to 374°C. The fractionation factor is 
related to the isotopic compositions of the resulting 
liquid and steam phases by the following expression: 


1000 + d liquid 

1000 + d steam 


(24) 


On its rise to the surface, the reservoir liquid may 
cool by adiabatic boiling, with the steam and liquid 
remaining in physical contact (and isotopic equilib¬ 
rium) until the two phases are physically separated at 
a given temperature. This process shall be called single- 
step adiabatic steam separation. The term adiabatic 
means that no heat is transferred from or to any sur¬ 
rounding solid (rock) phases. The conservation of 
enthalpy demands that the mass fraction, y, of gener¬ 
ated steam be given by: 


Hoi - H s \ 
H$s H s i 


(25) 


where iT ol represents the specific enthalpy of the orig¬ 
inal liquid, and H sl and H ss represent the specific 


enthalpy of liquid water and steam at the separation 
temperature, respectively. 

The conservation of mass for deuterium (or 
oxygen-18) leads to the following expressions relating 
the isotopic compositions of the original liquid and the 
resulting liquid and steam phases: 

d G i + 1000 = (a + y( 1 — a))(d ss + 1000) (26) 

and 

S s \ + 1000 = a(<5 ss + 1000) (27) 

where a represents the value of the fractionation factor 
at the temperature of separation. 

In a real situation, the ascending fluid may suffer 
more than one event of steam-liquid separation at 
decreasing temperatures. In fact, one could conceive 
of a process in which the generated steam separates 
immediately and continuously from the remaining 
liquid as soon as it is formed. This process shall be 
termed continuous adiabatic steam separation and, 
together with the single-step adiabatic steam separation 
described above, constitute the two extreme possible 
mechanisms of adiabatic boiling of the reservoir 
fluid on its way to the surface. Both mechanisms lead 
to an increase in deuterium and oxygen-18 contents of 
the boiling liquid, but the extent of enrichment is 
different from one case to the other. An intermediate 
mechanism that may be called multiple-stage steam 
separation leads, correspondingly, to intermediate 
enrichments. 

The rising reservoir fluid may cool by adiabatic 
boiling or by mixing with cooler meteoric waters. It 
may also boil and then mix with meteoric waters, or 
mix first and then boil, depending on the particular 
hydrological situation. Truesdell et al. [14] were able to 
explain the variety of isotopic and chemical composi¬ 
tions of thermal spring waters in Yellowstone National 
Park, United States, as resulting from a single reservoir 
liquid at 360° C and particular deuterium and chloride 
ion contents. 


Other Useful Tracers 

Other useful tracers are atomic, molecular, or ionic 
species that exhibit very low chemical reactivity under 
the conditions prevailing in geothermal reservoirs and 
upper strata of hydrothermal systems. Some of these 
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tracers partition very favorably (almost exclusively) in 
the liquid phase, such as chloride ion; some partition 
very favorably in the steam phase, such as the noble 
gases, and some distribute themselves in the two phases, 
but in a manner that can be calculated quantitatively 
from known partition coefficients (such as the cases of 
deuterium and oxygen-18). The particular case of silica 
was discussed in section on “Silica Geothermometer” 

When a relatively high flow of the hydrothermal 
fluid has passed through some natural conduit to the 
surface, or through a geothermal well, for a sufficiently 
long time, the radial distribution of temperature 
around that conduit or well has reached a steady 
state. Under these conditions, the transfer of heat 
between the fluid and the rock could be considered 
negligible, and the enthalpy of the fluid remains con¬ 
stant (see the appendix of reference [14], for 
a quantitative discussion on this subject). Under these 
circumstances the enthalpy is another useful “tracer,” 
or conserved parameter, that could be quite useful in 
modeling the processes affecting the fluid on its rise to 
the surface [62]. In preceding paragraphs, when refer¬ 
ring to adiabatic processes, we have implicitly assumed 
conditions that support the conservation of the 
enthalpy of the fluid. 

The combined use of tracers and conserved param¬ 
eters has made possible the determination of condi¬ 
tions at depth in hydrothermal systems [13-16, 63]. 

Future Directions 

There are, of course, many scientific questions 
remaining to be answered regarding the geochemistry 
of hydrothermal systems, among them the details of the 
contribution of magmatic fluids to the formation of 
the hydrothermal brine. From a technological perspec¬ 
tive, however, one would expect more future activity 
in the interplay between geochemistry and reservoir 
engineering in studies regarding the sustainability of 
hydrothermal systems under exploitation. 

The next type of geothermal resources to be 
exploited for electric power generation on a large 
scale will probably be the so-called Enhanced (or 
Engineered) Geothermal Systems (EGS). These consist 
of volumes of hot, impermeable rock, located at reach¬ 
able depths, which contain substantial amounts of heat. 
Their development as an exploitable reservoir consists 


of creating a network of fractures, so as to allow the 
injection of a working fluid (water) at some point and 
its extraction through wells located at other points, in 
such a way that the working fluid extracts the heat from 
the rock. Important practical issues will arise as a result 
of the interaction of the working fluid with the rock, 
which will lead to the dissolution of some minerals and 
the formation of others, with concomitant changes in 
porosity and permeability. Geochemistry is expected to 
play an important role in dealing with these issues. 
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